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1       *   ELECTRIC  CURRENT  AND  OHM'S  LAW 


1.1.  Electron  Drift  Velocity 

Suppose  thai  in  a  conductor,  the  number  of  free  electrons  available  per  m  of  the  conductor 
material  is  n  and  lei  iheir  axial  drift  velocity  be  v  metres/second.  In  time  dt.  distance  travelled  would 
be  v  x  dt.  If  A  is  area  of  cross-section  of  the  conductor,  then  the  volume  is  vAdr  and  the  number  of 
electrons  contained  in  this  volume  is  vA  dt.  Obviously,  all  these  electrons  will  cross  the  conduct?) 
cross-section  in  time  dt.  If  e  is  the  charge  of  each  electron,  then  total  charge  which  crosses  the 
section  in  time  di  is  dq  =  iiAev  dt. 

Since  current  is  the  rate  of  flow  of  charge,  it  is  given  as 

do    nAev  d: 

i  =  — —  —   .-.    i  =  nAev 

dt  dt 

Current  density  J  =  ilA  =  tie  v  ampere/metre" 

ft  1  ""9 

Assuming  a  normal  current  density  J  =  1.55  x  10  A/m\  n  =  10"  for  a  copper  conductor 
and  e  =  1 .6  x  KT    coulomb,  we  get 

1.55  x  10*  =  1029  x  1.6  x  10"'"  xv    .-.  v  =  9.1  x  I0"5  m/s  =  0.58  cm/min 

It  is  seen  that  contrary  to  the  common  but  mistaken  view,  the  electron  drift  velocity  is  rather 
very  slow  and  is  independent  of  the  current  flowing  and  the  area  of  the  conductor. 

N.B.Current  denMty  r.f.„  the  current  per  unii  area,  is  a  \ector  quantity.  Il  is  denoted  by  the  symbol  J  . 

Therefore,  in  vector  Dotation,  the  relationship  between  current  /  and  J  is  : 

— *  — t  . 
f  =    j  a  [where  a  is  the  vector  notation  lor  urea  'a  ] 

For  extending  the  scope  of  the  above  relationship,  so  that  it  becomes  applicable  for  area  of  any  shape,  we 
write  : 

I  =  \j.du 

The  magnitude  of  the  current  density  can.  therefore,  be  written  as  Jd. 

Example  1.1.  A  conductor  material  has  a  free-electron  density  of  Iff4  electrons  per  metre4. 
When  a  voltage  is  applied,  a  constant  drip  velocity  of  1.5  x  /0'  metre/second  is  attained  by  the 
electrons.  If  the  cross-sectional  area  of  the  material  is  I  cm',  calculate  the  magnitude  of  the  current. 
Electronic  charge  is  1.6  x  10  '°  coulomb.     (Electrical  Engg.  Aligarh  Muslim  University  l°81) 

Solution.  The  magnitude  of  the  current  is 

i  =  nAcv  amperes 

Here.  n  =  10"  ;  A  =  1  cm"  =  10  m" 

e  =  1 .6  x  10"'"  C  ;  »•  =  1 .5  x  I0~2  m/s 

I  =  1024  X  I0"4  X  1.6  x  tO"19  x  1.5  x  |0~2  =  <L24  A 

1  J.  Charge  Velocity  and  Velocity  of  Field  Propagation 

The  speed  with  which  charge  drifts  in  a  conductor  is  called  the  velocity  of  charge.  As  seen  from 

I 
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above,  its  value  is  quite  low,  typically  fraction  of  a  metre  per  second 

However,  the  speed  with  which  the  effect  of  e.m.f.  is  experienced  at  all  parts  of  the  conductor 
resulting  in  the  How  of  current  is  called  the  velocity  of  propagation  oj  electrical  field.  It  is  indepen- 
dent  of  current  and  voltage  and  has  high  but  constant  value  of  nearly  3  x  10  m/.s. 

Example  1.2.  Find  the  velocity  of  charge  leading  to  I  A  current  which  flaws  in  a  copper 
conductor  ofcro.ss-section  I  cm'  and  length  10  kin.  Free  electron  density  of  copper  =  K.5  x  Iff''  per 
m  .  Ifnw  long  will  it  take  the  elcctrk  <  harge  t<>  travel  from  one  end  of  the  conductor  to  the  other 

Snl  ul  ion.  r  =  neAv       or       v  -  il*teA 


v   =  1/(8.*  ■  10  i  ■  I  .ft  x  |0 


x(l  x  10^)  =  7.35  x  I0"7m/s  =0.735  Min/s 


Time  taken  by  the  Charge  (<'  travel  conductor  length  of  10  km  is 


distance  10x|0 


=  1.36  x  10  s 


velocity  7.35x10" 
Now.  I  year  =  365  x  24  x  3600  =  3 1 .536.000  s 

/  =  1 .36  x  1 0l0/3 1,536.000  =  431  years 

1  J.  The  Idea  or  Electric  Potential 

h  Fig.  I.I  is  shown  a  simple  voltaic  cell.  It  consists  of  copper  plate  (known  as  anode)  and  a  /.inc 
rod  tf.f.  cathode)  immersed  in  dilute  sulphuric  acid  (H-,SO„)  contained  in  a  suitable  vessel.  The 
chemical  action  taking  place  within  die  cell  causes  the  electrons  to  be  removed  from  Cu  plate  and  10 
be  deposited  on  the  zinc  rod  at  the  same  time.  This  transfer  of  electrons  is  accomplished  dirough  the 
agency  of  the  diluted  H-,S04  which  is  known  as  the  electrolyte.  The  result  is  that  zinc  rod  become* 
negative  due  to  the  deposition  of  electrons  on  il  and  the  Cu  plate  becomes  positive  due  10  ihe  removal 
ofelecirons  from  it.  The  large  number  of  electrons  collected  on  the  zinc  rod  is  being  attracted  by 
anode  but  is  prevented  from  reluming  to  it  by  the  force  set  up  by  the  chemical  action  within  the  cell. 

Conventional  Direction 
of  Current 


^WvNWvWvW- 


^Water 


Direction 
of  Flow 


Water  Pump 


Fig.  1.1. 


Fig.  1.2 


But  if  the  two  electrodes  are  joined  by  a  wire  externally,  then  electrons  rush  to  the  anode  thereby 
equalizing  the  charges  of  (he  two  electrodes.  However,  due  to  the  continuity  of  chemical  action,  a 
continuous  difference  in  ihe  number  of  electrons  on  the  two  electrodes  is  maintained  which  keeps  up 
a  continuous  flow  of  current  through  the  external  circuit.  The  action  of  an  electric  cell  is  similar  to 
that  of  a  water  pump  which,  w  hile  working,  maintains  a  continuous  How  of  water  i.e.  water  current 
through  ihe  pipe  (Fig.  1.2). 
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It  should  be  particularly  noted  that  the  direction  of  electronic  current  is  from  zinc  to  copper  in 
the  external  circuit.  However,  the  direction  of  conventional  current  (which  is  given  by  the  direction 
of  flow  of  positive  charge)  is  from  Cu  to  zinc.  In  the  present  case,  there  is  no  flow  of  positive  charge 
as  such  from  one  electrode  to  another.  But  we  can  look  upon  the  arrival  of  electrons  on  copper  plate 
(with  subsequent  decrease  in  its  positive  charge)  as  equivalent  to  an  actual  departure  of  positive 
charge  from  it 

When  zinc  is  negatively  charged,  it  is  said  to  be  at  negative  potential  with  respect  to  the  electrolyte, 
whereas  anode  is  said  to  be  at  positive  potential  relative  to  the  electrolyte.  Between  themselves,  Cu 
plate  is  assumed  to  be  at  a  higher  potential  than  the  zinc  rod.  The  difference  in  potential  is  continuously 
maintained  by  the  chemical  action  going  on  in  the  cell  which  supplies  energy  to  establish  this  potential 
difference. 

1.4.  Resistance 

It  may  be  defined  as  the  property  of  a  substance  due  to  which  it  opposes  (or  restricts)  the  flow  of 
electricity  (i.e.,  electrons)  through  it. 

Metals  (as  a  class),  acids  and  salts  solutions  are  good  conductors  of  electricity.  Amongst  pure 
metals,  silver,  copper  and  aluminium  are  very  good  conductors  in  the  given  order.*  This,  as  discussed 
earlier,  is  due  to  the  presence  of  a  large  number  of  free  or  loosely- attached  electrons  in  their  atoms. 
These  vagrant  electrons  assume  a  directed  motion  on  the  application  of  an  electric  potential  difference. 
These  electrons  while  flowing  pass  through  the  molecules  or  the  atoms  of  the  conductor,  collide  and 
other  atoms  and  electrons,  thereby  producing  heat. 

Those  substances  which  offer  relatively  greater  difficulty  or  hindrance  to  the  passage  of  these 
electrons  are  said  to  be  relatively  poor  conductors  of  electricity  like  bakelite,  mica,  glass,  rubber, 
p.v.c.  (polyvinyl  chloride)  and  dry  wood  etc.  Amongst  good  insulators  can  be  included  fibrous 
substances  such  as  paper  and  cotton  when  dry,  mineral  oils  free  from  acids  and  water,  ceramics  like 
hard  porcelain  and  asbestos  and  many  other  plastics  besides  p.v.c.  It  is  helpful  to  remember  that 
electric  friction  is  similar  to  friction  in  Mechanics. 

1.5.  Hie  Unit  of  Resistance 

The  practical  unit  of  resistance  is  ohm.**  A  conductor  is  said  to  have  a  resistance  of  one  ohm  if 
it  permits  one  ampere  current  to  flow  through  it  when  one  volt  is  impressed  across  its  terminals. 

For  insulators  whose  resistances  are  very  high,  a  much  bigger  unit  is  used  i.e.  megaohm  =  106 
ohm  (the  prefix  'mega'  or  mego  meaning  a  million)  or  kilohm  =  103  ohm  (kilo  means  thousand).  In 
the  case  of  very  small  resistances,  smaller  units  like  milli-ohm  m  10  ohm  or  microhm  —  10  ohm 
are  used.  The  symbol  for  ohm  is  SI. 


I  able  1.1.  Multiples  and  Sub-multiples  of  Ohm 


Prefix 

Its  meaning 

Abbreviation 

Equal  tu 

Mega- 

One  million 

m  a 

10*  Q 

Kilo- 

One  thousand 

Ccnti- 

One  hundredth 

Milli- 

One  thousandth 

m£2 

io"'n 

Micro- 

One  millionth 

u  Si 

10""  Q 

*  However.  For  the  same  resistance  per  unit  length,  cross-sectional  area  of  aluminium  conductor  has  to  he 
I  (i  limes  thai  nl  die  copper  conductor  but  ii  weighs  only  half  as  much.  Hence,  it  is  used  where  eeonoim 
of  weight  is  more  important  than  economy  Off  spuce. 

**  Alter  George  Simon  Ohm  1 1787-1854),  a  German  ntalhemaiieiuri  who  in  about  1827  iormulaied  the  law 
of  known  after  his  name  as  Ohm  s  Law. 
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1 .6.  Laws  of  Resistance 

The  resistance  R  offered  by  a  conductor  depends  on  the  following  factors 
fi)  It  varies  directly  as  its  length,  /. 

07)  It  varies  inversely  as  the  cross-section  A  of  the  conductor. 

(Hi)  It  depends  on  the  nature  of  the  material. 

(i'v)  It  also  depends  on  the  temperature  of  the  conductor. 


Smaller  I  Larger  I 

Larger    A  Smaller  A 

Low      R  Greater  R 

Fig.  1  J.  Fig.  1.4 

Neglecting  the  last  factor  for  the  time  being,  we  can  say  that 


R  ~  -    or   R=  p-  ...(/) 
A  A 

where  p  is  a  constant  depending  on  the  nature  of  the  material  of  the  conductor  and  is  known  as  its 
specific  resistance  or  resistivity. 
If  in  Eq.  (/),  we  put 

/  =  1  metre    and    A  m  I  metre2,  then  R  =  p    (Pig.  1 .4) 
Hence,  specific  resistance  of  a  material  may  he  defined  as 

the  resistance  between  the  opposite  faces  of  a  metre  cube  of  that  material. 

1.7.  I  nits  of  Resislmh 

From  Eq.  (i).  we  have         p  =  — 

/ 

In  the  S.I.  system  of  units, 

A  metre"  x  R  ohm    AR  , 

p  =  =  — —  ohm-metre 

/  metre  / 

Hence,  the  unit  of  resistivity  is  ohm-metre  <Q-m). 

It  may,  however,  be  noted  that  resistivity  is  sometimes  expressed  as  so  many  ohm  per  nr. 
Although,  it  is  incorrect  lo  say  so  but  it  means  the  same  thing  as  ohm-metre. 

If  /  is  in  centimetres  and  A  in  cm',  then  p  is  in  ohm-centimetre  (Q-cm). 

VJues  of  resistivity  and  temperature  coefficients  for  various  materials  are  given  in  Table  1.2. 
The  resistivities  of  commercial  materials  may  differ  by  several  per  cent  due  to  impurities  etc. 
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Table  1.2.  Resistivities  and  Temperature  Coefficients 


Material 

Resistivity  in  ohm-metre 

Temperature  coefficient  at 

at  2trC  ix  MT*J 

20"C  (x  10"1) 

• 

Aluminium,  commercial 

">  Q 
i.C 

Af\  \ 
44J..5 

Brass 

0  -  a 

ZU 

Carbon 

3U00  -  /UUU 

c 

—J 

Constantan  or  Eureka 

4v 

+U,  I  to  — U,4 

Copper  (annealed) 

1     "T  "1 

3y.3 

German  Silver 

Zu\Z 

Z.  f 

ISW  Cu:  12/*!  Ni;  4%  Zn) 

uoid 

Z.44 

1/.  c 
3D.  J* 

Iron 

Maiigttmn 

II  Is' 

44  —  4K 

ft  t  c 

(84^  l_u  ;  \1  lb  Mn  .  4vr  Ml) 

Mercury 

Nichrome 

K)S.> 

i  ^ 

(MI'S  Oi  ■  OStt  Fp  ■  ISOf-  fVl 

Nickel 

7.8 

54 

Platinum 

9  -  15.5 

36.7 

Silver 

1.64 

38 

Tungsten 

5.5 

47 

Amber 

5x  10 

oaken  le 

in1" 

Glass 

io'"-io12 

VIk  ,t 

I015 

Rubber 

1016 

Shellac 

in14 

Sulphur 

10" 

Rxamplc  1.3.  A  coil  consists  of  2000  turns  of  copper  wire  having  ti  cross-sectional  urea  oj  tt.fi 
mm'.  The  mean  length  per  turn  is  80  cm  and  the  resistivity  of  copper  is  0.02  pil-rn.  Find  the 
resistance  of  the  coil  and  power  absorbed  hy  the  coil  when  connected  across  1 10  V  d.c.  supply. 

(F.Y.  Engg.  Pune  I  'm  v.  Ma>  1990| 

Solution.  Length  of  the  coil.  /  =  0.8  x  2000  =  1600  m  ;  A  ■  0.8  mm2  =  0.8  x  10"^  m:. 

R  =  p^-  =  0.02  x  10"6  x  1600/0.8  x  10"6  =  4tl  £} 
A 

Power  absorbed  =  V1 1 R  =  1 10"/40  =  302.5  W 

Rxample  1.4.  An  ahamnium  wire  7.5  in  long  is  connected  in  a  parallel  with  a  copper  wire  6  in 
long.  When  a  current  of  5  A  is  passed  through  the  combination,  it  is  found  that  the  current  in  the 
g/MPWWrflW  wire  f'.v  J  .4.  The  diameter  of  the  aluminium  wire  is  I  mm.  Determine  the  diameter  of  the 
copper  wire.  Resistivity  of  copper  is  0.017  pil-m  ;  that  of  the  aluminium  is  0.028  juQ*M- 

I  F.Y.  Engg.  Punc  Univ.  May  1991 1 

Solution.  Let  the  subscript  1  represent  aluminium  and  subscript  2  represent  copper. 


and  Rn  =  p  ,  -2- 


R, 


Now 


a2 

r, 


^ '  p. 


Pi 


f, 


=  3  A  :  /,  =  5  -  3  =  2  A. 


If  V  is  the  common  voltage  across  the  parallel  combination  of  aluminium  and  copper  wires,  tben 
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V  =  /,/?,  =  /,  R2  RJR2  =  tjlx  =  2/3 

„    _   Jtt/*     rc  x  1^     71  2 

fl1  "  -r-^--4mm 
Substituting  the  given  values  in  Eq.  (0,  we  get 

a,  =  iLx4xM12x^  =  0.2544m2 
2       4    3    0.028  7.5 

7t  x  (/,:/4  =  0.2544    or       =  0.569  mm 

Example  1.5.  (a)  A  rectangular  carbon  block  has  dimensions  1.0  cm  x  1.0  cm  x  50  cm. 
(i)  What  is  the  resistance  measured  between  the  two  square  ends  ?  (it)  between  two  opposing 
rectangular  faces  /  Resistivity  of  carbon  at  20BC  is  3.5  x  Iff  il-tn 

(h)  A  current  of  5  A  exists  in  a  10-tt  resistance  for  4  minutes  (i)  how  many  coulombs  and 
I H)  how  many  electrons  pass  through  any  section  of  the  resistor  in  this  time  ?  Charge  of  the  electron 
=  1.6  x  f(T    C  (M.S.  Univ.  Baroda  198V) 

Solution. 

{a)  (i)  R  =  p  l/A 

Here,  A  =  1x1  =  1  cm2  =  10"4  nr  ;  /  =  0.5  m 

R  =  3.5  x  10"3  x  0.5/10"4  =  0.175  £1 

(it)  Here,  /  ■  1  em;  A  =  I  x  50  =  50  cm2  =  5  x  Iff"3  m2 

R  =  3.5  x  I0"5  x  10"2/5  x  Id"3  =  7  x  10~5  £1 

(b)  (i)  Q  =  It  =  5  x  (4  x  60)  =  1200  C 

Q       1200  ,„ 

™  n  =  -7  =  UxW=  75x10 

Example  1.6.  Calculate  the  resistance  of  I  km  long  cable  composed  of  19  stands  oj  similar 
copper  conductors,  each  strand  being  1.32  nun  in  diimwter.  Allow  5c'c  increase  in  length  for  the  'lay' 
twist)  of  each  strand  in  completed  cable.  Resistivity  of  copper  may  be  taken  as  1.72  x  10  A  Ll-m. 

Solution.  Allowing  for  twist,  the  length  of  the  stands. 

=  1000  m  +  5%  of  1000  m  =  1050  m 
Area  of  cross-section  of  1 9  strands  of  copper  conductors  is 
19x71x^/4  =  I9jtx(i.32x  IO"'V/4m2 

/     l.72xl0~Kx  1050x4 

Now,  R  =  p  —  =  ;  Z7—  =  0.694  S2 

A  I9rcxl.32-x1ir* 

Example  1.7.  .4  lead  wire  and  an  iron  wire  are  connected  in  parallel.  Their  respective  specific 
resistances  are  in  the  ratio  4V  ;  24.  The  former  carries  80  percent  more  current  than  the  latter  and 
the  latter  is  47  percent  longer  than  the  former.  Determine  the  ratio  of  their  cross  sectional  areas. 

(Elect.  Engg.  Nagpur  Univ.  1993) 
Solution.  Lei  suffix  1  represent  lead  and  suffix  2  represent  iron.  We  are  given  that 
p,/p,  =  49/24;  if  /,=  I,  /,  =  1.8;  if  /,  =  1.  /,  =  1.47 

Now.  R,  =  9\-jr   and  ^~Pav£~ 


Siuce  the  two  wires  are  in  parallel,  i.  =  V/R]  and    =  W/?: 

h        R,    p,/.  A, 
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Example  1.8.  A  piece  cf  stiver  wire  has  a  resistance  of  I  £2.  What  will  In-  the  resistance  oj 
numganin  wire  of  one-third  the  length  and  one-third  the  diameter,  if  the  specific  resistance  oj  numgaiini 
is  SO  limes  that  oj  silver.  (Electrical  Engincering-I,  Delhi  Univ.  19781 

Solution.  For  silver  wire  R 


Now 


Hi 
*l 

><-. 


A 
Pi 

Pi 


ndy/4 


For  manganin  wire,  R  = 


L  .4, 

x  —  x  ■ 


^x  —  x 


*2 

and    A7  =  K  d-TlA 


AJA, »  dr/dS 


i 

P,    'i  [di, 
I  fi;  /-,//,  =  1/3.  {d}ld2f  =  (3/1  f  =  9;  pVp,  =  30 
1  x  30 x  (1/3)  x9  =  90  £2 


Example  1.9.  The  resistivity  of  a  jerric-chromium-ahitninium  alloy  is  51  X  10  Q-m  A  sheet 
of  the  material  is  15  cm  long.  6  cm  wide  and  0.014  cm  thick.  Determine  resistance  between 
(g)  opposite  ends  and  flu  opposite  sides.  (Electric  Circuits.  Allahabad  I'niv.  1983i 

Solution,  {a)  As  seen  from  Fig.  1.5  (a)  in  this  case. 
/  =  1 5  cm  =  0. 1 5  cm   ^ 


=  6  x  0.014  =  0.084  cm' 
=  0.084  x  10"*  rrf 


A'  = 


51x10    x  0.15 
0.084  x  10"4 

-i  , 


6  cm 


(a) 


=  9.1  x  10  £1 

(ft)  As  seen  from  Fig.  1.5  (/>)  here 
/  =  0.014  cm  =  14  x  I0_<im 
A  =  15x6  =  90cm:  =  9x  10"3  m* 
R  =  51  x  10"K  x  14  x  10"5/9  x  10"'  =  79.3  x  lO"1"  £2 


0.014  cm 


fb) 


Fig.  1.5 


Example  1. 10.  The  resistant  e  of  the  wire  used  for  telephone  is  35  £2  per  kilometre  when  the 
weight  of  the  wire  is  5  kg  per  kilometre.  If  the  specific  resistance  of  the  material  it  1.95  x  10  '  £2-w, 
what  is  the  cross-sectional  area  of  the  wire  '.'  What  will  be  the  resistance  of  a  loop  to  a  subscriber 
X  km  from  the  exchange  if  wire  of  the  same  material  but  weighing  20  kg  per  kilometre  is  used  '.' 


Solution.  Here 

Now. 


R  =  35  £2;    /  =  I  km  =  1000  m;    p  =  1 .95  x  10  Q-m 

/  ,Ol  .  ].95xl0"Kxl00() 

p  —   or  A=i— 


R 


.4  = 


55.7  x  HT1  m: 


A  R  35 

If  the  second  case,  it'  the  wire  is  of  the  material  hut  weighs  20  kg/km,  then  its  cross-section  must 
be  greater  than  thai  in  the  first  ease. 


Cross-section  in  the  second  case  =  ~  *55.7  x  I0"s  =  222.8  x  10"*  nV 


Lencth  of  wire  =  2x8=  16  km  =  16000  m 


R  =  P 


/     1.95x10    x  16000 


A 


222.8x10" 


=  140.1  Q 


Tutorial  Problems  No.  1.1 

I.  Calculate  the  resistance  of  1130  m  length  of  a  wire  having  a  uniform  cross-sectional  area  of  0. 1  mm"  it 
the  wire  is  made  of  manganin  having  a  resistivity  of  50  x  IfT8  £2-m. 

If  the  wire  u  drawn  out  to  three  times  its  original  length,  by  how  many  times  would  you  except  ns 
resistance  to  be  increased  ?  1 500  £1;  9  times  | 
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2.  A  cube  of  a  material  of  side  I  cm  has  a  resistance  of  0.001  £1  between  its  opposite  faces.  If  the  same 
volume  of  the  material  has  a  length  of  8  cm  and  a  uniform  cross-section,  what  will  be  the  resistance  of 
this  length  ?  10.064  £J] 

3.  A  lead  wire  and  an  iron  wire  are  connected  in  parallel.  Their  respective  specific  resistances  are  in  the 
ratio  49  :  24.  The  former  carries  80  per  cent  more  current  than  the  latter  and  the  latter  is  47  per  cent 
longer  than  the  former.  Determine  the  ratio  of  their  cross-sectional  area.  [2.5  :  1 1 

4.  A  rectangular  metal  strip  has  the  following  dimensions  : 

x  =  10  cm.  v  =  0.5  cm.  ;  =  0.2  cm 
Determine  the  ratio  of  resistances      RL  and  R.  between  the  respective  pairs  of  opposite  faces. 

[Rx  .Ry.R,  :  10,000  :  25  :  4]  {Elect.  Engf>.  A.MAe.  S.I.  June  I987\ 

5.  The  resistance  of  a  conductor  1  mm"  in  cross-section  and  20  m  long  is  0.346  Q.  Determine  the 
specific  resistance  of  the  conducting  material.)  1.73 x  1 0~*£J-m| (£/<•<  /.  Cirvuits-I.  Bangalore  U/iiv.  /W/i 

6.  When  a  current  of  2  A  flows  for  3  micro-seconds  in  a  coper  wire,  estimate  the  number  of  electrons 
crossing  the  cross-section  of  the  wire.  I  Bombay  University,  2000) 
Hint  :  With  2  A  for  3  u  Sec,  charge  transferred  =  6  u-coulombs 

Number  of  electrons  crossed  =  6*  10"*/(l.6x  I0~'9)  =  3.75x  10* 13 

1.8.  Conductance  and  Conduct! viry 

Conductance  (G)  is  reciprocal  of  resistance*.  Whereas  resistance  of  a  conductor  measures  the 
opposition  which  it  offers  to  the  How  of  current,  the  conductance  measures  the  inducement  which  it 
offers  to  its  flow. 

From  Eq.  (i)  of  Art.  1 .6,      R  =  G  =  p7  =  T 

where  o  is  called  the  conductivity  or  specific  conductance  of  a  conductor.  The  unit  of  conductance 

is  Siemens  (S),  Earlier,  this  unit  was  called  mho. 

It  is  seen  from  the  above  equation  that  the  conductivity  of  a  material  is  given  hy 

I     G  Siemens  x  /  metre  / 
a  =  O  —  =  ^  =  G  —  Siemens/ metre 

**  A  metre"  " 

Hence,  the  unit  of  conductivity  is  sicmens/meire  (S/tn). 

1.9.  Effect  of  Temperature  on  Resistance 

The  effect  of  rise  in  temperature  is  : 

0)  to  increase  the  resistance  of  pure  metals.  The  increase  is  large  and  fairly  regular  for  normal 
ranges  of  temperature.  The  temperature/resistance  graph  is  a  straight  line  (Fig.  1.6).  As 
would  be  presently  clarified,  metals  have  a  pusjtivejemperature  co-efficient  of  resistance 

(ff)  to  increase  the  resistance  of  alloys,  though  in  their  case,  the  increase  is  relatively  small  and 
irregular.  For  some  high-resistance  alloys  like  Eureka  (60%  Cu  and  40%  Ni)  and  manganin. 
the  increase  in  resistance  is  (or  can  be  made)  negligible  over  a  considerable  range  of  tem- 
perature. 

(Hi)  to  decrease  the  resistance  of  electrolytes,  insulators  (  such  as  paper,  rubber,  glass,  mica  etc.) 
and  partial  conductors  such  as  carbon.  Hence,  insulators  arc  said  to  possess  a  negative 
temperature-coefficient  of  resistance. 

1. 10.  Temperature  Coefficient  of  Resistance 

Lei  a  metallic  conductor  having  a  resistance  of  Rt)  at  0°C  be  heated  of  t"C  and  let  its  resistance 
at  this  temperature  be  Rr  Then,  considering  normal  ranges  of  temperature,  it  is  found  that  the 
increase  in  resistance  A  R  =  Rt  -  7f,  depends 
0)  directly  on  its  initial  resistance 
07)  directly  on  the  rise  in  temperature 
(Si)  on  the  nature  of  the  material  of  the  conductor. 


In  a.c.  circuits,  it  has  a  slightly  different  meaning. 
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or  ft,  -  ft0  «  ft  x  t    or   ft, -ft()  =  aft0r 

where  a  (alpha)  is  a  conslant  and  is  known  as  the  temperature  coefficient  of  resistance  of  the  con- 
ductor. 

Rr-RQ_  Aft 

Rearranging  Eq.  (0.  we  gel  a  =   ^  x/  -  fl  ~ 


ir 


"0  " '  "li 

=  1  £1,  /=  1°C, 


then   a  =  A  ft  =  ft,  -  Rn 


Hence,  the  temperature-coefficient  of  a  material  may  be  defined  as  : 

the  increase  in  resistance  per  ohm  original  resistance  per  "C  rise  in  temperature. 

From  Eq.  (i),  we  find  that   ft,  =  ft(l  ( t  +  a  t) 


ffl 


-  234.5  "C 


Fif;.  W 


It  should  be  remembered  that  the  above  equation  holds  good  for  both  rise  as  well  as  fall  in  tempera- 
ture. As  temperature  of  a  conductor  is  decreased,  its  resistance  is  also  decreased.  In  Fig.  1 .6  is  shown  the 
temperature/resistance  graph  for  copper  and  is  practically  a  straight  line.  If  this  line  is  extended  back- 
wards, it  would  cut  the  temperature  axis  at  a  point  where  temperature  is  -  234. 5°C  (a  number  quite  easy 
to  remember).  It  means  that  theoretically,  the  resistance  of  copper  conductor  will  become  zero  at  this 
point  though  as  shown  by  solid  line,  in  practice,  the  curve  departs  from  a  straight  line  at  very  low 
temperatures.  From  the  two  similar  triangles  of  Fig.  1.6  it  is  seen  that : 


i  +  234.5 
234.5 


ft,  =  ftf,  ('  +         j  or  ft,  =  ft(l  ( 1  +  a  t)  where  a  =  D234.5  for  copper. 

1.1 1.  \  a  Kit  of  a  at  Different  Temperatures 

So  far  we  did  not  make  any  distinction  between  values  of  a  at  different  temperatures.  But  it  is 
found  that  value  of  a  itself  is  not  constant  but  depends  on  the  initial  temperature  on  which  the 
increment  in  resistance  is  based.  When  die  increment  is  based  on  the  resistance  measured  at  0°C. 
then  a  has  the  value  of  a,,.  At  any  other  initial  temperature  t°C.  value  of  a  is  a,  and  so  on.  It  should 
be  remembered  that,  for  any  conductor,  a,,  has  the  maximum  value. 

Suppose  a  conductor  of  resistance  ft()  at  0°C  (point  .4  in  Fig.  1 .7)  is  heated  to  t°C  (point  B).  Its 
resistance  ft,  after  heating  is  given  by 

ft,  =  l?0(l  +«b0  ...(0 
where  a,,  is  the  temperalure-coefficient  at  0°C. 

Now,  suppose  that  we  have  a  conductor  of  resistance  ft,  at  temperature  r°C.  Let  this  conductor 
be  cooled  from  r°C  to  0°C.  Obviously,  now  the  initial  point  is  B  and  the  final  point  is  A.  The  final 


1(1 


resistance  R„  is  given  in  terms  of  the  initial  resistance  by  the  following  equation 

#„  =  R,[l  +a,(-01  =  R,(l  -a,.  0 
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...(H) 


R,,  t°C 


-11 
- 

o 


R 


From  Eq.  (i7)  above,  we  have  af  =  — 


R.xt 


-  zil 

1 

3 
G 
t"2: 


Sul?.-.tuting  the  value  of  R,  rrom  Eq.  (/).  we  get 


1  +  a„  t 


.{Hi) 


In  general,  let  a,=  tempt,  coeff.  at  f,°C  ;  a,  =  tempt,  coeff.  at  r2°C. 
Then  from  Eq.  {Hi)  above,  we  get 


Oi, 


Ru,  0°C  — j —  A 
Fig.  1.7 


Similarly.  — 

a, 


a,  =  - 

I  +  a0  /, 

I  +  aQ  f -, 


Subtracting  one  from  the  other,  we  get 


a, 


/,  j  or  —  =  —  +(;,-f1)ora2: 


1 


Values  of  a  for  copper  at  different  temperatures  are  given  in  Table  No.  1 .3 
Table  1 .3.  Different  values  of  a  For  copper 


l/a,  +  (r,  - 1, ) 


Tempi,  in  "C 

0 

5 

10 

20 

30 

40 

50 

a 

0.00427 

0.00418 

0.00409 

0.00393 

0.00378 

0.00364 

0.00352 

In  view  of  the  dependence  of  a  on  the  initial  temperature,  we  may  define  the  temperature 
coefficient  of  resistance  at  a  given  temperature  as  the  charge  in  resistance  per  ohm  per  degree 
centrigrcule  change  in  temperature  from  the  given  temperature. 

In  case  is  not  given,  the  relation  between  the  known  resistance  tf,  al  t°C  and  the  unknown 
resistance  R2  at  r/C  can  be  found  as  follows : 

fi,  =      ( 1  +  oy2)    and   fl,  =/?0(l +  0^,',) 


I  +  ovt-, 


R 


The  above  expression  can  be  simplified  by  a  little  approximation  as  follows  : 

~*  =  (i  +  <v,)t1  +a9tlf> 

=  (I  +  «uM  (I  -Oj><iJ  I t-'sing  Binomial  Theorem  for  expansion  and 

=  I  +  CCq(Ji— /t)  negleciing  squares  and  higher  powers  of  (Ct,, /,) | 

/f?  =  R{  |l  +au(r2-/,  )l  [Neglecting  product  (a,,'?, 

For  more  accurate  calculations,  Eq.  (»'v)  should,  however,  be  used. 
1.12.  Variations  or  Resistivity  with  Temperature 

Not  only  resistance  but  specific  resistance  or  resistivity  of  metallic  conductors  also  increases 
with  rise  in  temperature  and  vice  versa. 
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As  seen  from  Fig.  1.8  ihe 
resistivities  of  metals  vary  linearly  with 
temperature  over  a  significant  range  of 
temperature-the  variation  becoming 
non-linear  both  at  very  high  and  at  very 
low  temperatures.  Let,  for  any  metal- 
lic conductor, 

p,  =  resistivity  at  t°Q 
p2  =  resistivity  at  /-,°C 
»i  =  Slope  of  the  linear  part  of 

the  curve 
Then,  it  is  seen  that 


Fig.  1.8 


oi 


p,  =  p,  +  m  (f,  -  r,) 


or 


p,=  Pi 


1 + 

Pi    "  . 


The  ratio  of  tn/pi  is  called  the  temperature  coefficient  of  resistivity  at  temperature  t'C.  It  may 
be  defined  as  numerically  equal  to  the  fractional  change  in  p,  per  °C  change  in  the  temperature  from 
f|°C.  It  is  almost  equal  to  the  temperature-coefficient  of  resistance  a,.  Hence,  putting  a,  =  wi/p,, 
we  get 

p;  =  p,  [I  +  a,  (r3  -  f,)]    or    simply  as  p,  =  p0(l +ct[jf) 

Note.  It  has  been  found  that  although  temperature  is  the  most  significant  factor  influencing  the  resistivity 
of  metals,  other  factors  like  pressure  and  tension  also  affect  resistivity  to  some  extent.  For  most  metals  except 
lithium  and  calcium,  increase  in  pressure  leads  to  decrease  in  resistivity.  However,  resistivity  increases  with 
increase  in  tension. 

Example  1.11.  A  copper  conductor  has  its  specific  resistance  of  1.6  x  10""  oh/n-cm  at  ()°C  and 
a  resistance  temperature  coefficient  of  1/254.5  per  aC  at  20"C.  Find  (i)  the  specific  resistance  and 
tii)  the  resistance  ■  temperature  coefficient  at  60"C.  (F.Y.  Engg.  Pune  Univ.  Nov.  1988 1 


Solution. 

«20 

® 

Poo 

(U) 

"60 

I  +  an  x  20 


Of 


I 


0- 


254.5    1  +  a0  x  20 


ra" "  234.5 


per 


Poo  =  PoO  +  On*  60)  =  1.6  x  10"*  (1  +  60/234.5)  =  2.01  x  10"*  fl-cm 


a, 


1/234.5 


1 


294.5 


perQC 


I  +  O0X60     1  + (60/ 234.5) 

Example  1.12.  A  platinum  coil  has  a  resistance  of  3.146  il  at  40"C  and  3.767  £2  at  t(X)°C. 
Find  the  resistance  at  CfC  and  the  temperature-coefficient  of  resistance  at  40°C. 

(Electrical  Science-11.  Allahabad  Univ.  1993) 

...(/) 


Solution. 

* 

From  (/),  we  have 
Now. 


Rm  =  (1  +  100  do) 
/fw  =  R0(l  +40  eg 


...07) 


3.767 


I +  100  a. 


3J46    =    1  +  40  a,,     or    "P" 0  00379    or    1/264  per°C 


3.767  =  RQ(l  +  100  x  0.00379) 


On 


Q40  = 


0.00379 


R0  =  2.732  il 
I 


1  +  40  a0     1  +  40  x  0.00379  304 
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Example  1.13.  A  potential  difference  of  250  V  is  applied  to  a  field  winding  at  15°C  and  the 
current  is  5  A.  What  will  he  the  mean  temperature  of  the  winding  when  current  has  /alien  to  jt.91  A. 
applied  voltage  being  constant.    Assume  or.|5=  1/254.5.  (Elect.  Engg.  Pune  Univ.  19911 

Solution.  Let  ft,  =  winding  resistance  at  15°C;  ft-,  =  winding  resistance  at  unknown  mean 
temperature  f,°C. 

ft,  =  250/5  =  50  £2;  ft,  =  250/3.91  =  63.94  ft. 
Now  ftj  =  ft,  [I  .-.    63.94=  50 


,2  m  86°C 

Example  1.14.  Two  cutis  connected  in  series  have  resistances  of  600  ft  and  <00  ft  with  tempi, 
coeff.  ofO.l^c  and  0.4(/<  respectively  at  20"C.  Find  the  resistance  of  the  combination  at  a  tempt,  of 
50°C.  What  is  the  effective  tempt,  coeff.  of  combination  ? 

Solution.  Resistance  tbf  600  ft  resistor  at  50°C  is  =  600  1 1  +  0.001  (50  -  20)1  =  61 8  ft 
Similarly,  resistance  of  300  ft  resistor  at  50°C  is  =  300  1 1  +  0.004  (50  -  20)1  =  336  ft 
Hence,  total  resistance  of  combination  at  50°C  is  =  618  +  336  =  *S4  ft 
Let    P  =  resistance-temperature  coefficient  at  20°C 
Now,  combination  resistance  at  20°C  =  900  ft 
Combination  resistance  at  50DC  =  954  ft 

954  =  900  [  I  +  p  (50  -  20)]    ,\    p  =  0.002 

Example  1.15.  Two  wires  A  and  B  arc  connected  in  series  at  0°C  and  resistance  oj'B  is  <  5  times 

that  of  A   The  resistance  temperature  coefficient  of  A  is  0.4%  and  that  of  the  combination  is  0.  Iri.  Find 

the  resistance  temperature  coefficient  of  B.  (Elect.  Technology,  Hyderabad  Univ.  1992) 

Solution.  A  simple  technique  which  gives  quick  results  in  such  questions  is  illustrated  by  the 

diagram  of  Fig.  1 .9.  It  is  seen  that  ft,//?,  =  0.003/(0.001  -  a) 

or         3.5  =  0.003/(0.001  -  a) 

or  a  =  0.000 1 43°C"'     or    0.0143  % 

Example  1.16.  Two  materials  A  and  B  have  resistance  temperature 

coefficients  of  0.004  and  0.004  respectively  at  a  given  temperature.  In 

what  proportion  must  A  and  B  be  joined  in  series  to  produce  n  circuit 

having  o  temperature  coefficient  of'O.OOl  ? 

(Elect.  Technology,  Indore  Univ.  April  I98H 
(0.001 -«)        0.003      c  i  ,  s  „        .        .  ,t  „ 

Fi«  I  9  solution.  Lei  RA  and  RR  be  the  resistances  of  the  two  wires  Ol  materials 

A  and  B  which  are  to  be  connected  in  series. 
Their  ratio  may  be  found  by  the  simple  technique  shown  in  Fig.  1.10. 

Rs    _  0.003 
RA    '  0.0006 
Hence.  ftfl  must  be  S  times  RA. 

Example  1.17.  A  resistor  of  HO  ft  resistance,  having  a  temperature 
coefficient  of 0.0021  per  degree  C  is  lo  he  constructed.  Wires  of  two  male- 
rials  of  suitable  cross-sectional  area  arc  available.    For  material  A.  the 

resistance  is  SO  ohm  per  100  metres  and  the  temperature  coefficient  it    q  oqo(,  0  003 

0,0(0  per  degree  C.  For  material  B.  the  corresponding  figures  are  60  ohie.  I  jq 

per  metre  and  0  0015  per  degree  C.  Calculate  suitable  lengths  of  wires  of 

materials  A  and  B  to  be  connected  in  series  to  construct  the  required  resistor.  All  data  are  referred 
lo  the  siime  temperature 

Solution.  Let  ft,  an 

which  when  joined  in  se 
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tion  resistance  at  any  given  temperature  is  </J  r  +  Rh).  Suppose  we  heat  these  materials  through  t'C. 

When  heated,  resistance  of  A  increases  from  Rti  to  Ra  ( I  +  0.003  t).  Similarly,  resistance  of  B 
increases  from  Rh  to  Rb  (J  +  0.0015  r). 

.'.    combination  resistance  after  being  heated  through  t°C 

=  Ra0  +  0.003  0  f (I  +  0.0015  /) 
The  combination  a  being  given,  value  of  combination  resistance  can  be  also  found  directly  as 

=  (Ra+Rh)(\  +  0.0021  t) 
[Ru  +  R„)  (1  +  0.0021  f)  =  Ra  (1  +  0.003  t)  +  /?,,(!+  0.0015  i) 
R/,  3 

Simplifying  die  above,  we  gel  ~jr  =  ...(/) 

Now  «,  +  ^  =  SO  Q  ...(H) 

Substituting  the  value  of  Rh  from  (;')  into  (i/)  we  get 

Ra+^Ra    =80    or      ,  =  32  Q     and    Rh  =  48  Q 

If     and  L,,  are  the  required  lengths  in  metres,  then 

/.„  =  (100/80)  x  32  =  4(1  in    and    Lh  =  ( 1 00/60)  x  48  =■  80  ra 

Example  1.18.  A  coil  has  a  resistance  of  IS  LI  when  its  mean  temperature  is  20" C  and  of  20  LI 
when  its  mean  temperature  is  .WC.  Find  its  mean  temperature  rise  when  its  resistance  is  21  LI  arul 
the  surrounding  temperature  is  [3?  C.  (Elect.  Technology.  Allahahad  Univ.  1992* 

Solution.  Lei  Rn  be  the  resistance  of  the  coil  and  a,,  its  tempt,  coefficient  at  0"C. 

Then,  18  =  Rt)  ( I  +  a,,  x  20)   and   20  =  «„  ( I  +  SO  oy 

Di siding  one  by  the  other,  we  gel 

20  1  +  50  a0  _  I 

18   =   l  +  20afi  ''■  a°  S  250  P 

[f  /°C  is  the  temperature  of  the  coil  when  its  resistance  is  21  LI,  then, 

21  =  /?„(]  4  11250) 
Dividing  this  equation  by  the  above  equation,  we  have 

j]         FL  (I  +  //2501 

T81  =  £<l  +  20a„r    '  *  65°C;  temp'  ri*  =  65  -  15  =  50 C 

Example  1.19.  The  coil  of  a  relay  takes  a  cnrrcni  of  0.12  A  when  it  is  a!  the  room  temperature 
of  !5"C  and  connected  across  a  f)0-V  supply.  If  the  minimum  operating  current  oj  the  relax  is  0. 1  A. 
calculate  the  temperature  above  which  the  relay  will  fail  to  operate  when  connected  to  the  same 
supply.  Resistance- temperature  <  oefficiem  of  the  coil  material  is  0.0043  per*C  at  0°C. 

Solution.  Resistance  of  the  relay  coil  at  I5°C  is  R^  =  50/0.12  =  500  £2. 
Let  /°C  be  the  temperature  at  which  the  minimum  operating  current  of  0  I  A  flows  in  the  relay 
coil.  Then,  «,  =  60/0.1  =  600  LI. 

Now  RiS  =  /t|,  (I  +  IS  <%) "  Rq  (1  4  15  X  0.0043)     and    Rt  =  Rui  \  +  0.0043  /) 

R<_       1  +  0.0043;      quo  _  I  +  0-0043 1 
%    -      |  0654       *  500       1.0645        ''    '  _ 
If  the  temperature  rises  above  this  value,  dien  due  to  increase  in  re.si.\taiice,  the  relay  coil  will 
draw  a  current  less  than  0.1  A  and.  therefore,  will  fail  to  operate. 

Example  1.20.  Two  conductors,  one  of  copper  and  the  othci  of  iron,  are  eonnei  ted  in  parallel 
and  cany  equal  currents  at  25° C.  What  proportion  of  current  will  pass  through  each  if  the  tempera- 
lure  is  raised  to  I00"C  ?  The  temperature  coefficients  of  resistance  at  0"C  are  0.0043/" C  and 
0.006 J/'C  for  copper  ami  iron  respectively.    (Principles  of  Elect.  Engg.  Delhi  Univ.  June  1985) 
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Solution.  Since  the  copper  and  iron  conductors  carry  equal  currents  at  25°C,  their  resistances 
are  the  same  at  thai  temperature.  Let  each  be  R  ohm. 


/Jjqq  =  R,  =  ff  [1  +  0.0043  (100  -  25)]  =  1.3225  R 
=  R1  =  R[\  +  0.0063  (100  -  25)]  =  1.4725  R 


For  copper. 
For  iron. 

If  /  is  the  current  at  I00°C,  then  as  per  current  divider  rule,  current  in  the  copper  conductor  is 

/?,       .        1.4725  R 


1(H) 


=  / 


■  =  / 


1.3225  R  +  1.4725  R 
]3225R=  0.4732/ 


=  0.5268/ 


2.795  R 

Hence,  copper  conductor  will  carry  52.68 f  ,  of  the  total  current  and  iron  conductor  will  carry 
the  balance  i.e.  47.32  % . 

Example  1.21.  The  filament  of  a  240  V  ineial-fiiutnent  lamp  is  to  be  constructed  firm  a  wire 
having  a  diameter  of  0.02  mm  ami  a  resistivity  at  20°C  of  4.3  [iQ-cm.  If  a  =  0.005 fC.  what  length 
of  filament  is  necessary  if  the  lamp  is  to  dissipate  60  watts  at  a  filament  tempi.  of2420"C  ? 

Solution.  Electric  power  generated  =  I1  R  watts  =  V2//?  watts 
V*-IR  =  60    or    2402/fl  =  60 
240x240 


Resistance  at  2420°C  R 


Now 
or 

•  • 

Now 


2420 

^2420 
960 

/ 


60 


=  960Q 


=  R20  [I  +  (2420  -  20)  x  0.005] 
=  +  12) 

=  960/13  £2 

4.3  x  10"*  i'l-cm  and 


JK0.002)-  2 
A  =        A  cm 


AxR, 


20 


jr.  (0.002)"  x  960 

T=6  -  54  cm 


P20  4x13x4.3x10' 

Example  1.22.  A  semi-circular  ring  of  copper  has  an  inner  radius  6  cm,  radial  thickness  3  cm 
and  an  axial  thickness  4  cm.  Find  the  resistance  of  the  ring  at  50"C 
between  its  two  end-faces.  Assume  specific  resistance  of'Cu  at  20° 
=  1.724  x  10  "  ohm-cm  and  resistance  tempt,  coeff.  of  Cu  at 
0°C  =  0.O043fC. 

Solution.  The  semi-circular  ring  is  shown  in  Fig.  1.1 1. 
Mean  radius  of  ring  =  (6  +  9)/2  =  7.5  cm 

Mean  length  between  end  faces  =  7.5  71  cm  =  23.56  cm 
Cross-sec  lion  of  the  ring         =  3  x  4  =  1 2  cm' 
Now  a,  =  0.0043/^;^=  ,  +  ™ ^  = 0.00396 

Pso  =  P20H  +  a„  (50 -20)] 


=  1 .724  x  10^(1  +  30  x  0.00396)  =  1.93  x  10~°  £2-cm 


R 


50 


pS()x/ 1.93x10" 


23.56  =  3J9xl0-6Q 


A  12 

Tutorial  Problems  No.  1.2  nS-  111 

1.  It  is  found  thai  the  resistance  of  a  coil  of  wire  increases  from  40  ohm  at  15°C  to  50  ohni  at  60°C. 
Calculate  the  resistance  temperature  coefficient  at  0°C  of  the  conductor  material. 

[1/165  per  *C]  {Elect.  Technology.  Indore  Univ.  May  1977) 
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2.  A  tungsten  lump  filament  has  a  temperature  of  2,050°C  and  a  resistance  of  500  £2  when  taking  normal 
working  current.  Calculate  the  resistance  of  the  filament  when  it  has  a  temperature  of  25°C.  Tem- 
perature coefficient  at  0°C  is  0.005/t'C.  [50  Cl\  (Elect.  Technology,  Indore  Univ.  1981) 

3.  An  armature  has  a  resistance  of  0.2  £2  at  1 50°C  and  the  armature  Cu  loss  is  to  be  limited  to  600  watts 
with  a  temperature  rise  of  55°C.  If  ot,,  for  Cu  is  0.0043/°C.  what  is  the  maximum  current  that  can  be 
passed  through  the  armature  '?  [50.8  A  | 

4.  A  d.c.  shunt  motor  after  running  for  several  hours  on  constant  voltage  mains  of  4CK)  V  lakes  a  field 
current  of  1 .6  A.  If  the  temperature  rise  is  known  to  be  40°C.  what  value  of  extra  circuit  resistance  is 
required  to  adjust  the  field  current  to  1 .6  A  when  starting  from  cold  at  20°C  7  Temperature  coefficient 
=  0.004 3rC  at  20°C.  1 36.69  fl| 

5.  In  a  test  to  determine  the  resistance  of  a  single-core  cable,  an  appied  voltage  of  2.5  V  was  necessary 
to  produce  a  current  of  2  A  in  it  at  I5°C. 

(a)  Calculate  the  cable  resistance  at  55°C  if  the  temperature  coefficient  of  resistance  oF  copper  ut 
0"C  is  1/235  per°C. 

1^)   if  the  cable  under  working  conditions  carries  a  current  of  10  A  at  this  temperature,  calculate  the 
power  dissipated  in  the  cable.  |(a)  1.45  £2  Ifti  145  W| 

6.  An  electric  radiator  is  required  to  dissipate  I  kW  when  connected  to  a  230  V  supply.  If  the  coils  of  the 
radiator  are  of  wire  0.5  mm  in  diameter  having  resistivity  of  60  H  £2- cm.  calculate  the  necessary 
length  of  the  wire.  1 1732  cm  | 

7.  An  electric  heating  element  to  dissipate  450  watts  on  250  V  mains  is  to  be  made  from  nichrome 
ribbon  of  width  I  mm  and  thickness  0.05  mm.  Calculate  the  length  of  the  ribbon  required  (the 
resistivity  of  nichrome  is  110  x  10""  £2-ml.  |631  ni| 

S.  When  burning  normally,  the  temperature  of  the  filament  in  a  230  V,  150  W  gas-filled  tungsten  lamp 
is  2,750°C.  Assuming  a  room  temperature  of  1 6°C,  calculate  (a)  the  normal  current  taken  by  the  lamp 
ib)  the  current  taken  at  the  moment  of  switching  on.  Temperature  coefficient  of  tungsten  is  0.0047 
£2/£20C  at  0°C.  Hal  0.652  A  ib)  8.45  A]  {Elect.  Engg.  Madras  Univ.  1977) 

9.  An  aluminium  wire  5  tn  long  and  2  mm  diameter  is  connected  in  parallel  with  a  wire  3  m  long.  The 
total  current  is  4  A  and  that  in  the  aluminium  wire  is  2.5  A.  Find  the  diameter  of  the  copper  wire.  The 
respective  resistivities  of  copper  and  alumnium  are  1.7  and  2.6  ufl-m.  [0.97  mm] 

10.  The  field  winding  of  d.c.  motor  connected  across  230  V  supply  takes  1.15  A  at  room  temp,  of  20°C. 
After  working  for  some  hours  the  current  falls  to  0.26  A,  the  supply  voltage  remaining  constant. 
Calculate  the  final  working  temperature  of  field  winding.  Resistance  temperature  coefficient  of  cop- 
per at  20°C  is  1/254.5.  [70.4  r'C]  (Elect.  Engg.  Pane  Univ.  ,'f«5) 

11.  Is  is  required  to  construct  a  resistance  of  100  £2  having  a  temperature  coefficient  of  0.001  per  C.  Wires 
of  two  materials  of  suitable  cross-sectional  area  are  available.  For  material  A,  the  resistance  is  97  £2  per 
100  metres  and  for  material  ft.  the.  resistance  is  40  Q  per  100  metres.  The  temperature  coefficient  ol 
resistance  for  material  A  is  0.003  per  °C  and  for  material  B  is  0.0005  per  °C.  Determine  suitable  lengths 
of  wires  of  materials  A  and  B.  |  A  :  19.4  m,  B  :  200  m  | 

1 2.  The  resistance  of  the  shunt  winding  of  a  d.c.  machine  is  measured  before  and  Jfter  a  run  of  several  hours. 
The  average  values  are  55  ohms  and  63  ohms.  Calculate  the  rise  in  temperature  of  the  winding.  (Tem- 
perature coefficient  of  resistance  of  copper  is  0.0042K  ohm  per  ohm  per  "C'J.     [36  C]  (Ltimton  Univ. ) 

13.  A  piece  ol  resistance  wire.  15.6  m  long  and  of  cross-sectional  area  12  nun'  at  a  temperature  of  0"C. 
passes  a  current  of  7.9  A  when  connected  to  d.c.  supply  at  240  V.  Calculate  (n)  resistivity  uf  the  wire 
lb)  the  current  which  will  flow  when  the  temperature  rises  to  55°C.  The  temperature  coefficient  of 
the  resistance  wire  is  0.00029  £2<£2/°C.  |(«>  23.37  u£2-m  lb)  7.78  A|  {London  Univ.) 

14.  A  coil  is  connected  to  a  constant  d.c.  supply  of  100  V.  At  start,  when  it  was  at  the  room  temperature 
of  25CC.  it  drew  a  current  of  13  A.  After  sometime,  its  temperature  was  70°C  and  the  current  reduced 
to  8.5  A.  Find  the  current  it  will  draw  when  its  temperature  increases  further  10  80°C.  Also,  find  die 
temperature  coefficient  ol  resistance  of  the  coil  material  at  25=C. 

[7.9  A;  0.01176  C-']  (F.Y.  Engg.  Univ.  Nov.  1989) 

15.  The  resistance  of  the  filed  coils  with  copper  conductors  of  a  dynamo  is  120  £2  at  25°C.  Afiei  wurking 
for  6  hours  on  full  load,  the  resistance  of  the  coil  increases  to  140  £2.  Calculate  the  mean  temperature 
rise  of  the  field  coil.  Take  the  temperature  coefficient  of  the  conductor  material  as  0.0042  at  0"C. 

143.8' CI  (Element*  of  Elec.  Eiisq.  Bans  fare  Univ  1991 I 
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1.13.  Ohm's  Law 

This  law  applies  to  electric  to  electric  conduction  through  good  conductors  and  may  be  stated  as  follows : 

The  ratio  of  potential  difference  (V)  between  any  two  points  cm  a  conductor  to  the  current  (I) 

flowing  between  them,  is  constant,  provided  the  temperature  of  die  conductor  does  not  change. 

V  V 
In  other  words.  —   =  constant     or    —  =  R 

I  J 

where  R  is  the  resistance  of  the  conductor  between  the  two  points  considered. 

Put  in  another  way,  it  simply  means  that  provided  R  is  kept  constant,  current  is  directly  propor- 
tional to  the  potential  difference  across  the  ends  of  a  conductor.  However,  this  linear  relationship 
between  V  and  /  does  not  apply  to  all  non-metallic  conductors.  For  example,  for  silicon  carbide,  the 
relationship  is  gi  ven  by  V  =  Kf"  where  K  and  m  are  constants  and  m  is  less  than  unity.  It  also  does  not 
apply  to  non-linear  devices  such  as  Zener  diodes  and  voltage-regulator  (VR)  tubes. 

Example  1.23.  A  coil  of  copper  wire  has  resistance  afQ  at  20°C  and  is  connected  to  a 
supply.  By  how  much  must  the  voltage  he  increased  in  order  to  maintain  the  current  consant  if  the 
temperature  of  the  coil  rises  to  60°  C  ?  Take  the  temperature  coefficient  of  resistance  of  copper  as 
0.00428  from  O'C. 


Solution.  As  seen  from  Art.  1.10 


Rm        1  +  60x0.00428 


A-  =  90  x  1 .2568/ 1 .0856  =  104.2  f2 


R2()        1  +  20x0.00428     "  * 
Now,  current  at  20°C  =  230/90  =  23/9  A 

Since  the  wire  resistance  has  become  104.2  Cl  at  60°C,  the  new  voltage  required  for  keeping  the 
current  constant  at  its  previous  value  =  104.2  x  23/9  =  266.3  V 
increase  in  voltage  required  =  266.3  -  230  =36.3  V 

Example  1.24.  Three  resistors  are  connected  in  series  across  a  1 2 -V  battery.  The  first  resistor 
has  a  value  of  I  D..  second  has  a  voltage  drop  of  4  V  and  the  third  has  a  power  dissipation  of  1 2  W. 
Calculate  the  value  of  the  circuit  current. 

Solution.  Let  the  two  unknown  resistors  be  fl-,  and  Ry  and  /  the  circuit  current 

l2R}  =  12    and.   «,  =  4    .-.    fi?  =  |        Also-   /  =  ^ 

Now,  /{I  +  tf,  +  RJ  =  12 

Substituting  die  values  of  /  and  Ry  we  get 

]r(,  +  *2+4*»)   =  12    or   3R{  -8/?,  +  4  =  0 

8  ±  J64  -  48  „  .  "> 

/?,  =   2—  .'.   R,  =  2Q.     or  ~Q 

6  3 


=  24  or   /  =  — P= — — —  =  6  A 


1+2  +  3  !+{2/3)  +  <l/3) 


1.14.  Resistance  in  Series 


When  some  conductors  having  resistances  R.,  R^  and  R}  etc.  are  joined  end-on-end  as  in  Fig. 
1.12,  they  are  said  to  be  connected  in  series.  It  can  be  proved  that  the  equivalent  resistance  or  total 
resistance  between  points  .4  and  D  is  equal  to  the  sum  of  the  three  individual  resistances.  Being  a 
series  circuit,  it  should  be  remembered  that  (/)  current  is  the  same  through  all  the  three  conductors 
(fr)  but  voltage  drop  across  each  is  different  due  to  its  different  resistance  and  is  given  by  Ohm's  Law 
and  (Hi)  sum  of  the  three  voltage  drops  is  equal  to  the  voltage  applied  across  the  three  conductors. 
There  is  a  progressive  fall  in  potential  as  we  go  from  point  A  to  D  as  shown  in  Fig.  1.13. 
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V  o- 


s  D 

Fig.  1.12 


But 


v  =  v,  +  v2  +  Vj  =  //?,  +  «,  +  m3 

V  =  //? 

where  /?  is  the  equivalent  resistance  of  the  series  combination. 

or    R  =  R]+R1  +  Rj 

Also 


Fig.  1.13 

— Ohm's  Law 


IR  =  IR,  +  ffi,  +  fRj 
1    =  1,1".  ' 


As  seen  from  above,  the  main  characteristics  of  a  series  circuit  are 


same  current  flows  through  all  parts  of  the  circuit, 
different  resistors  have  their  individual  voltage  drops, 
voltage  drops  are  additive. 

applied  voltage  equals  the  sum  of  different  voltage  drops, 
resistances  are  additive. 
6.  powers  are  additive. 

1.15.  Voltage  Divider  Rule 

Since  in  a  series  circuit,  same  current  flows  through  each  of  the 
given  resistors,  voltage  drop  varies  directly  with  its  resistance.  In  Fig. 
1.14  is  shown  a  24-V  battery  connected  across  a  series  combination 
of  three  resistors. 

Total  resistance  R  =  Rt  +  R2  +  R}  =  12  fi 

According  to  Voltage  Divider  Rule,  various  voltage  drops  are  : 


v 

R\ 

~R~ 

=  24x  — 
12 

=  4  V 

V2  = 

V 

Ri 
R 

=24xA 

=  8  V 

v>  = 

V 

R 

-24x£ 

=  12V 

1.16,  Resistances  in  Parallel 

Three  resistances,  as  joined  in  Fig.  1.15  are  said  to  be  connected 
in  parallel.  In  rhis  case  (/)  p.d.  across  all  resistances  is  the  same 
(/V)  current  in  each  resistor  is  different  and  is  given  by  Ohm's  Law 
and  (Hi)  the  total  current  is  the  sum  of  the  three  separate  currents, 

V      V  V 
-—+--+  — 
1     :     3     ff,  R1 

Now, 


Fig.  1.14 


R\ 
R, 


/   =  /,  +  /,+  /,= 


— O   I  O — 

Fig.  LIS 


"2 

/  =  -*-  where  V  is  the  applied  voltage. 
ft 

R  =  equivalent  resistance  of  the  parallel  combination. 

V       V  ,  V  ,  v  1 

*  =  r,  +  r:+j:  or  * 


JL+-L 

R,  R-, 


R, 


Also 


G  =  G,  +  G-,  +  G, 


18  Electrical  Technology 

The  main  characteristics  of  a  parallel  circuit  are  : 

1 .  same  voltage  acts  across  all  pans  of  the  circuit 

2.  different  resistors  have  their  individual  current. 
3;  branch  currents  are  additive. 

4.  conductances  are  additive. 

5.  powers  are  additive. 

Example  1.25.  Wluil  is  the  vutiw  <>t  the  unknown  resistor  R  in  f-'ii;.  I.  Id  if  the  voltage  drop  across  the 
501)11  resistor  is  2.5  volts  '  All  resistances  are  in  oluu.        (Elect.  Technology,  Indure  Univ.  Vprl  IWOi 

550               50                             ,   550  50 
A  o  -VW  1  <VW— o  1  A &WV#  -j-  AW— o- 


/, 


12  V 


12  V 


MS  500 


D 


Fig.  I. Id 

Solution.  By  direct  proportion,  drop  on  50  Q  resistance  =  2.5  x  50/500  =  0.25  V 
Drop  across  CMD  or  CD        =  2.5  +  0.25  =  2.75  V 
Drop  across  550  £2  resistance  =  12  -  2.75  =  9.25  V 

/  =  9.25/550  =  0.0168  A.  /,  =  2.5/500  =  0.005  A 
/,  =  0.0168  -  0.005  =  0.01 18  A 
0.0118  =  tf=  233n 

Example  1.26.  Calculate  the  effective  resistance  of  the  following  comhinaiioii  of  nsittances 
anil  the  voltage  drop  across  each  resistance  when  a  P.D.  of  60  V  ix  applied  between  points  A  and  H. 

Solution.  Resistance  between  A  and  CtFig.  1.17). 

=  6 II 3  ■»  20 

Resistance  of  branch  ACD  =  18  +  2  =  20  £1  o- 

Now,  there  are  two  parallel  paths  between  points  A 
and  D  of  resistances  20  £2  and  5  £2. 
Hence,  resistance  between  A  and  D  =  20  II  5  =  4 12 

/.  Resistance  between  A  and    =  4  +  8  =  I2Q 

Total  circuit  current  =  60/12  =  5  A 

20 

Current  through  5  12  resistance  =  5  x  ~  =  4  A 


-AW  1 


6 

-aw- 


18 

li—Wr- 


-WV — o 


Fig.  1.17 


—Art.  1 .25 


Curreni  in  branch  ACD 
:.    P.D.  across  3  £2  and  6  £2  resistors  =  I  x  2  =  2  V 


=  5*^=1A 


P.D.  across  18  £2  resistors  =  I  x  18  =  18  V 
P.  D.  across  5  £2  resistors  =  4  X  5  =  20  V 
P.D.  across  8  £2  resistors   ■  5  x  8  =  40  V 

Example  1.27.  .-\  circuit  consists  of  four  100-W  lamps  connected  in  parallel  across  a  230-V 
supply.  Inadvertently,  a  voltmeter  lias  heen  connected  in  series  with  the  lamps.  The  resistant  e  ol  the 
voltmeter  is  1500  12  and  that  of  the  lamps  under  the  conditions  staled  is  \ii  times  their  value  then 
hrjrm'iMi  nnrmntlv    Whoi  will  h/>  ihf  re/idinv  of  the  voltmeter  ? 
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r 


1 500  Q 
Voltmeter 


230  V 


Fig.  1.18 


Lamp 
Load 


Solution.  The  circuit  is  shown  in  Fig.  1.18.  The  wattage  of  a  lamp  is  given  by 
w  =  r  R  =  V^/R 
100  =  2302//?  R  =  529  £1 

Resistance  of  each  lamp  under  stated  condition  is 

=  6  x  529  =  3174  Q 
Equivalent  resistance  of  these  four  lamps  connected 
in  parallel  =  3174/4  =  793.5  £2 

This  resistance  is  connected  in  series  with  the  volt- 
meter of  1500  Q  resistance. 

.%  total  circuit  resistance  =1500  +  793.5  =  2293.5  £1 
.-,    circuit  current  =  230/2293.5  A 

According  to  Ohm's  law,  voltage  drop  across  the  voluneter  =  1 500  x  230/2293.5  =  1 50  V  (appro*  i 
Example  1.28.  Determine  the  value  of  R  and  current  through  it  in  Fig.  1.19,  if  current  through 
branch  AO  is  zero.  (Elect.  Engg.  &  Electronics,  Bangalore  Univ.  1989) 

Solution.  The  given  circuit  can  be  redrawn  as  shown  Fig.  1.19  (b).  As  seen,  it  is  nothing  else 
but  Wheatstone  bridge  circuit.  As  is  well-known,  when  current  through  branch  AO  becomes  zero, 
the  bridge  is  said  to  be  balanced.  In  that  case,  products  of  the  resistances  of  opposite  arms  of  the 
bridge  become  equal. 

4x1.5  =  «xl;ff  =  6£l 
A 


10  V 


(a-.)) 


10  V 


(a) 


10  V 

(b) 
Fig.1.19 

Under  condition  of  balance,  it  makes  no  difference  if  resistance  X  is  removed  thereby  giving  us 
the  circuit  of  Fig.  1.19  (c).  Now,  there  are  two  parallel  paths  between  points  B  and  C  of  resistances 
(1  +  1.5)  =  2.5  £2  and  (4  +  6)  =  10  £2.  RBC  =  10  II  2.5  =  2  £1. 

Total  circuit  resistance  =  2  +  2  =  4  Q.  Total  circuit  current  =  10/4  =  2.5  A 
This  current  gets  divided  into  two  parts  at  point  B.  Current  through  R  is 

y  =  2.5  x  2.5/12.5  =  0.5  A 

Example  1.29.  In  the  unbalanced  bridge  circuit  of  Fig.  J. 20  (a),  find  the  potential  difference 
thai  exists  across  the  open  switch  S.  Also,  find  the  current  w  hich  w  ill  flow  through  the  switch  when 
it  is  closed. 

Solution.  With  switch  open,  there  are  two  parallel  branches  across  the  15-V  supply.  Branch 
ABC  has  a  resistance  of  (3  +  12)  =  15  £1  and  branch  ABC  has  a  resistance  of  (6  +  4)  =  10  £2. 
Obviously,  each  branch  has  15  V  applied  across  it. 

VB  =  12  x  15/15  =  12  V;  VD  =  4  x  15/(6  +  4)  =  6  V 


p.d.  across  points  B  and  D  =  VH 


6  =  6  V 


When  S  is  closed,  the  circuit  becomes  as  shown  in  Fig.  1.20  (b)  where  points  B  and  D  become 
electrically  connected  together. 
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1  \H 

V 


=  3H6  =  2ii 
=  2  +  3  =  51i 


and 


1 


A 


15V 

9— 


pin 

\  12: 


X 


<b) 
Fig.  1.20 

Cuime!  through  arm  AB  =  3  x  6/9  =  2  A.  The  voltage  drop  over  arm  AB  =  3  x  2  =  6  V.  Hence, 
drop  over  arm  BC=  15  -  6  =  9  V.  Current  through  BC  =  9/12  =  0.75  A.  It  is  obvious  that  at  point 
fl.  the  incoming  current  is  2  A,  out  of  which  0.75  A  flows  along  BC,  whereas  remaining  2  -  0.75  = 
1 .25  A  passes  through  the  switch. 

As  a  check,  it  may  be  noted  that  current  through  AD  =  bib  =  I  A.  At  point  D,  this  currem  is 
joined  by  1.25  A  coming  through  the  switch.  Hence,  current  through  DC  =  1 .25  +  1  =  2.25  A.  This 
fact  can  be  further  verified  by  the  fact  thai  there  is  a  voliage  drop  of  9  V  across  4  Q  resistor  thereby 
giving  a  current  of  9/4  =  2.25  A. 

Example  1.30.  A  50-ohin  resistor  is  in  parOlM  with  100-ohm  resistor  Current  in  50-tthm 
resistor  is  7.2  A.  How  will  you  add  u  third  resistor  and  what  will  he  its  value  of  tin  line-current  is  to 
he  its  value  if  the  line-current  is  to  he  12.1  unui  '  (Nagpur  Univ..  Nov.  IW7j 

Solution.  Source  voltage  =  50  x  7.2  =  360  V.    Current  through  100-ohm  resistor  =  3.6  A 
Total  current  through  these  two  resistors  in  parallel  =  10.8  A 

For  the  total  line  current  to  be  12.1  A.  third  resistor  must  be  connected  in  parallel,  as  the  third 
branch,  for  carrying  (12.1  -  10.8)  =  1.3  A.  If    is  this  resistor  R  =  360/1 .3  =  277  ohms 

Example  1.31.  In  the  circuit  show  in  Fig.  1.21.  calculate  the  value  of  the  unknown  resistance  R 
and  the  current  Jlowuts;  through  it  when  the  current  in  branch  OC  is  zero. 

INagpur  Univ.,  April  I9MJ 

Solution.  If  current  through  /f-ohm  resistor  is  /  amp,  AO  branch  carries  the  same  current,  since, 
current  through  the  branch  CO  is  tern  This  also  means  thai  the  nodes  C  and  O  are  at  the  equal 
potential.  Then,  equating  voltage-drops,  we  have  V^0  =  VAC. 

This  means  branch  AC  carries  a  current  of  4/. 

C  " 


This  is  current  of  4  /  also  flows  through  the  branch  CB.  Equating  the  voltage-drops  in  branches 
OH  and  CR  1 .5  x  4  /  =  R  I.    eivine    R  =  6  Q 
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At  node  A.  applying  KCL,  a  current  of  5  /  flows  through  the  branch  BA  from  Bio  A.  Applying  KVL 
around  the  loop  BAOB,  I  =  0.5  Amp. 

Kxampk-  132.  h  ind  tin  values  of  R  and  \'\  in  Fig.  1.22.  Also  find  the  power  supplied  by  flu  source. 

|Nagpur  Universitj,  April  1WK] 

Solution.  Name  the  nodes  as  marked  on  Fig.  1 .22. 
Treat  node  A  as  the  reference  node,  so  that  =  0. 
Since  path  ADC  carries  I  A  with  a  total  of  4  ohms 
resistance,  Vc  =  +  4  V. 

Since  VCA  +  4,  /C4  =  4/8  =  0.5  amp  from  C  to  A. 
Applying  Kcl  at  node  C.  lBC  =  1.5  A  from  B  to  C. 
Along  the  path  BA,  I  A  flows  through  7-ohm  resistor. 


3  Q 


+  7  Volts. 


Fig.  1.22 


V  =  7-4  =  + 


This  drives  a  current  of  1 .5  amp,  through  R  ohms. 
Thus  R  s  3/1 .5  =  2  ohms. 
Applying  KCL  at  node  B.  IFB  =  2.5  A  from  F  to  B. 

VHI  =  2  x  2.5  -  5  volts.  F  being  higher  than  B  from  the  view-point  of  Potential.  Since  VH  has 
already  been  evaluated  as  +  7  volts.  V  +  12  volts  (w.r.  to  A).  Thus,  the  source  voltage  V  =  12  volts. 
Kxample  1.33.  In  Fig.  I.2J  (al.  if  all  the  resistances  are  of  6  ohms,  calculate  the  equivalent 


resistance  between  any  two  diagonal  points. 


6Q 


6  £i 

,  AivW- 


X? 


INagpur  Univ.  April  1998] 
t —  


6fi 

■JiMV — 


20 


Fig.  1.23  ut) 


Fig.  1.23  (ft) 


—WW-  

Fig.  L23  ic) 


Solution.  If  X-Y  are  treated  as  the  concerned  diagonal  points,  for  evaluating  equivalent  resis- 
tance offered  by  the  circuit,  there  are  two  ways  of  transforming  this  circuit,  as  discussed  below  : 

Method  I  :  Delta  to  Star  conversion  applicable  to  the  delta  of  PQY  introducing  an  additional 
node  A'  as  the  star-point.  Delta  with  6  ohms  at  each  side  is  converted  as  2  ohms  as  each  leg  of  the 
siar-equivalcnt.  This  is  shown  in  Fig.  1.23  (b).  which  is  further  simplified  in  Fig.  1.23  (c).  After 
handling  series-parallel  combinations  of  resistances. 

0 

X 

inn-/    /    n;.  'fcjwa 


Fig.  1.23  (rfl 


Fig.  1.23  le) 


Total  resistance  between  X  and  Y  terminals  in  Fig.  1.23  ic)  comes  out  to  be  3  ohms. 

Method  2  :  Star  to  Delta  conversion  with  P  as  the  star-point  and  XYQ  to  be  the  three  points  of 
concerned  converted  delta.  With  star-elements  cf  6  ohms  each,  equivalent  delta-elements  will  be  1 8 
ohms,  as  Fig.  1.23  id).  This  is  included  while  redrawing  the  circuit  as  in  Fig.  1.23  (e). 

A  ft  Mir  it  r  m  t*»1  i  ft  n  rt  ri    I  Viti  rnrmc  ri'irn  \  \ni  /~*r\mr\^  nitinn  rai'i  llli'  intn  1 1  \.  i   I  ni'i  I   tni'iirar  *if   JP        -—  "I       '  i  i  ■  i  v 
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Example  1.34.  For  the  given  circuit  find  the  cm  rent  lA  and  lR. 


Electrical  Technology 
[Bombay  Univ.  1991] 


Fig.  1.24 

Solution.  Nodes  A,  B.  C.  D  and  reference  node  0  are  marked  on  the  same  diagram. 
lA  and  lB  are  to  be  found. 

Apply  KCL  at  node  A.  From  C  to  A,  current  =  7  +  lB 

At  node  0,  KCL  is  applied,  which  gives  a  current  of  7  +  lA  through  the  7  volt  voltage  source. 
Applying  KCL  at  node  B  gives  a  current  lA  -  lg  through  2-ohm  resistor  in  branch  CB.  Finally,  at 
node  .4,  KCL  is  applied.  This  gives  a  current  of  7  +  lB  through  I  -ohm  resistor  in  branch  CA. 

Around  the  Loop  OCBO.  2  (7,  -  /-)  +  1 .  /,  =  7 


Around  the  Loop  CABC,  1  (7  +  JBy+  3  IB  -  2  (!A  -lB)  =  0 
After  rearranging  the  terms,  3  lA  - 2  lB  =  7  -  2  lA  +  6  lB  = 
This  gives  lA  =  2  amp,  /„  =  -  0.5  amp. 

This  means  that  /fl  is  0.5  amp  from  B  to  A. 
Example  US.  Find  RAH  in  the  circuit,  given  in  Fig.  1.25. 


| Bombay  I'niv.  2001] 


Fig.  1.25  (a) 

Solution.  Mark  additional  nodes  on  the  diagram,  C,  D,  F,  G,  as  shown.  Redraw  the  figure  as  in 
1.25  (b),  and  simplify  the  circuit,  to  evaluate  RAB,  which  comes  out  to  be  22.5  ohms. 

CD 


AO 


BO 


2Q 


50  n 


Fig.  1.25  (b) 
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Fxample  1.36.  Find  current  through  4  resistance. 
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Fig.  1.26 

Solution.  Simplifying  the  series-parallel  combinations,  and  solving  the  circuit,  the  source  cur- 
rent is  10  amp.  With  respect  to  0.  VA  =  40,  Vtj  =  40  -  16  =  24  volts. 
/,  =4  amp.  hence     =  6  amp 
Vc  =  Va-/,X  1.6  =  24- 9.6  =  14.4  volts 

/,  =  14,4/4  =  X6  ump.  which  is  the  required  answer.  Further /4  =  24  amp, 
-W  p         ,  «t  'VW- 


24V^ 


I2Q 


\2Q 


Fig.  1.27 
Tutorial  Problems  No.  I J 


120 


Fig.  1.28 


Fig.  1.29 


AO- 


Find  the  current  supplied  by  the  haitery  in  the  circuit  of  Fig.  1.27. 
Compute  total  circuit  resistance  and  banery  current 
in  Fig.  1.28.  |8/3  Q,  Y  A 1 

Calculate  banery  current  and  equivalent  resistance 
of  the  network  shown  in  Fig.  1.29.  [15  A;  8/5  U| 
Find  the  equivalent  resistance  of  the  network  of  Fig. 
1.30  between  terminals  A  and  B.  All  resistance 
values  are  in  ohms.  |A  fl| 

What  is  the  equivalent  resistance  of  the  circuit  of 
Fig.  1.31  between  terminals  A  and  B  ?  All  resis- 
tances are  in  ohms.  |4  ill 
Compute  the  value  of  baitery  current  /  in  Fig.  1.32. 
All  resistances  are  in  ohm.  |6  Al 


A  | 
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Fig.  1.31  Fig.  1.32 

7.  Calculate  the  value  of  current  /  supplied  by  die  voltage  source  in  Fig.  1.33.  All  resistance  values  arc 

in  iihms  I  Hint  :   Vnlfntrp  arms";  pm-h  revivhir  n  h  VI  II  \  I 
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8.  Compute  the  equivalent  resistance  of  the  circuit  of  Fig.  1.34  ia)  between  points  (»)  ab  (ii)  ttc  and 
I  ill)  be.  All  resistances  values  are  in  ohm.  [(i)  6  ft,  (&)  4.5  ft,  10)  4.5  ft] 


10. 


Fig.  1.33  Fig.  1.34  Fig.  1.35 

In  the  circuit  of  Fig.  1 .35.  find  the  resistance  between  terminals  ,4  and  B  when  switch  is 
Ui)  open  and  (b)  closed.  Why  are  the  two  values  equal  ?  [(a)  2  ft  [b)  2  ft] 

The  total  current  drawn  by  a  circuit  consisting  of  three  resistors  connected  in  parallel  is  12  A. 
The  voltage  drop  across  the  first  resistor  is  12  V,  the  value  of  second  resistor  is  3  ft  and  the 
power  dissipation  of  the  third  resistor  is  24  W.  What  are  the  resistances  of  the  first  and  third 
resistors  ?  [2ft;  6ft  I 

11.  Three  parallel  connected  resistors  when  connected  across  a  d.c.  voltage  source  dissipate  a  total 
power  of  72  W.  The  total  current  drawn  is  6  A,  the  current  flowing  through  the  first  resistor  is 
3  A  and  the  second  and  third  resistors  have  equal  value.  What  are  the  resistances  of  the  three 
resistors  7 

1 4  ft;  8  Q;  8  ft] 

12.  A  bulb  rated  1 10  V.  60  watts  is  connected  with  another  bulb  rated  1 10-V,  100  W  across  a 
220  V  mains.  Calculate  the  resistance  which  should  be  joined  in  parallel  wilh  the  first  bulb  so 
that  both  the  bulbs  may  take  their  rated  power.  1302.5  ft| 

13.  Two  coils  connected  in  parallel  across  100  V  supply  mains  take  10  A  from  the  line.  The  power 
dissipated  in  one  coil  is  600  W.  What  is  the  resistance  of  the  other  coil  ?  1 25  ft  | 

14.  An  electric  lamp  whose  resistance,  when  in  use,  is  2  ft  is  connected  to  the  terminals  of  a  dry 
cell  whose  e.m.f.  is  1.5  V.  If  the  current  through  the  lamp  is  0.5  A,  calculate  the  internal 
resistance  of  the  cell  and  the  potential  difference  between  the  terminals  of  the  lamp.  If  two 
\uch  cells  are  connected  in  parallel,  find  the  resistance  which  musl  be  connected  in  series  with 
the  arrangement  to  keep  the  current  the  same  as  before. 

[1  ft  ;  1  V  ;  0.5  ft|  {Elect.  Technology,  Indore  Univ.  19781 

15.  Determine  the  current  by  the  source  in  the  circuit  shown  below.  (Bombay  Univ.  2001) 


30  V 


Fig.  1.36.  (a) 

Hint.  Series-parallel  combinations  of  resistors  have  to  be  dealt  with.  This  leads  to  the  source 
current  of  28.463  amp. 
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16.  Find  the  voltage  of  point  A  with  respect  to  point  B  in  the  Fig.  1 .36  lb).  Is  i(  positive  with  respect  to  B  ' 
c  ^  5  A 


10  V 


4Q 


(Bombay  University,  2000) 


Hint,  If 


Fig.  1.36  (b) 

VA  =  0,  V<-  =  -  1.25  x3  =  -  3.75  V 
V0  =  -  3.75  -8  =  -  1 1.75  V 
V0  =  VD  +  15  =  +  3.25  volts 
Thus,  the  potential  of  point  A  with  respect  to  B  is  -  3.25  V. 

1.17.  Types  of  Resistors 

(a)  Carbon  Composition 

It  is  a  combination  of  carbon  particles  and  a  binding  resin  with  different  proportions  for  provid- 
ing desired  resistance.  Attached  to  the  ends  of  the  resistive  element  are  metal  caps  which  have  axial 
leads  of  tinned  copper  wire  for  soldering  the  resistor  into  a  circuit.  The  resistor  is  enclosed  in  a 
plastic  case  to  prevent  the  entry  of  moisture  and  other  harmful  elements  from  outside.  Billions  of 
carbon  composition  resistors  are  used  in  the  electronic  industry  every  year.  They  are  available  in 
power  ratings  of  1/8.  1/4.  1/2.  I  and  2  W,  in  voltage  ratings  of  250.  350  and  500  V.  They  have  low 
failure  rates  when  properly  used. 

Such  resistors  have  a  tendency  to  produce  electric  noise  due  to  the  current  passing  from  one 
carbon  particle  to  another.  This  noise  appears  in  the  form  of  a  hiss  in  a  loudspeaker  connected  to  a 
hi-fi  system  and  can  overcome  very  weak  signals.  That  is  why  carbon  composition  resistors  are  used 
where  performance  requirements  are  not  demanding  and  where  low  cost  in  the  main  consideration. 
Hence,  they  are  extensively  used  in  entertainment  electronics  although  better  resistors  are  used  in 
critical  circuits. 
(A  I  Deposited  Carbon 

Deposited  carbon  resistors  consist  of  ceramic  rods  which  have  a  carbon  film  deposited  on  them. 
They  are  made  by  placing  a  ceramic  rod  in  a  methane-filled  flask  and  heating  it  until,  by  a  gas- 
cracking  process,  a  carbon  film  is  deposited  on  them.  A  helix-grinding  process  forms  the  resistive 
path,  As  compared  to  carbon  composition  resistors,  these  resistors  offer  a  major  improvement  in 
lower  current  noise  and  in  closer  tolerance.  These  resistors  are  being  replaced  by  metal  film  and 
metal  glaze  resistors, 
(c)  High-Voltage  Ink  Film 

These  resistors  consist  of  a  ceramic  base  on  which  a  special  resistive  ink  is  laid  down  in  a  helical 
band.  These  resistors  are  capable  of  withstanding  high  voltages  and  find  extensive  use  in  cathode- 
ray  circuits,  in  radar  and  in  medical  electronics.  Their  resistances  range  from  I  k£J  to  lOO.(XX)  MQ 
with  voltage  range  upto  1000  kV. 
(rf)  Metal  Film 

Metal  film  resistors  are  made  by  depositing  vaporized  metal  in  vacuum  on  a  ceramic -core  rod. 
The  resistive  path  is  helix-ground  as  in  the  case  of  deposited  carbon  resistors.  Metal  film  resistors 
have  excellent  tolerance  and  temperature  coefficient  and  are  extrememly  reliable.  Hence,  they  are 
very  suitable  for  numerous  high  grade  applications  as  in  low-level  stages  of  certain  instruments 
although  they  are  much  more  costlier. 
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ie)  Metal  Glaze 

A  metal  giaze  resistor  consists  of  a  metal  glass  mixture  which  is  appicd  as  a  thick  film  to  a 
ceramic  substrate  and  then  lired  to  form  a  film.  The  value  of  resistance  depends  on  the  amount  of 
metal  in  the  mixture.  With  helix-grinding,  the  resistance  can  be  made  to  vary  from  1  Q  to  many 
megohms. 

Another  category  of  metal  glaze  resistors  consists  of  a  tinned  oxide  film  on  a  glass  substrate. 

if)  Wire-  wound 

Wire-wound  resistors  are  different  from  all  other  types  in  the  sense  that  no  film  or  resistive 
coating  is  used  in  their  construction.  They  consist  of  a  ceramic-core  wound  with  a  drawn  wire 
having  accurately-coniralled  characteristics.  Different  wire  alloys  are  used  for  providing  different 
resistance  ranges.  These  resistors  have  highest  stability  and  highest  power  rating. 

Because  of  their  bulk,  high-power  ratings  and  high  cost,  they  are  not  suitable  for  low-cost  or 
high-density,  limited-space  applications.  The  completed  wire-wound  resistor  is  coaled  with  an  insu- 
lating material  such  as  baked  enamel. 
(g)  Cermet  (Ceramic  Metal) 

The  cermet  resistors  are  made  by  firing  certain  metals  blended  with  ceramics  on  a  ceramic 
substrate.  The  value  of  resistance  depends  on  the  type  of  mix  and  its  diickness.  These  resistors  have 
very  accurate  resistance  values  and  show  high  stability  even  under  extreme  temperatures.  Usually, 
they  are  produced  as  small  rectangles  having  leads  for  being  attached  to  printed  circuit  boards  (PCB). 

LIS.  Nonlinear  Resistors 

Those  elements  whose  V-  I  curves  are  not  straight  lines  are  called  nonlinear  elements  because 
their  resistances  are  nonlinear  resistances.  Their  V  -  I  characteristics  can  be  represented  by  an 
equation  of  the  form  /  =  kV  =  b  where  n  is  usually  not  equal  to  one  and  the  constant  h  may  or  may  not 
be  equal  to  zero. 

Examples  of  nonlinear  elements  are  filaments  of  incandescent  lamps,  diodes,  thermistors  and 
varistors.  A  varistor  is  a  special  resistor  made  of  carborundum  crystals  held  together  by  a  binder. 
Fig.  1 .37  (a)  shows  how  current  through  a  varistor  increase  rapidly  when  the  applied  voltage  increases 
beyond  a  certain  amount  (nearly  100  V  in  the  present  case). 


(a)  dv  (ci  (di 

Fig.  1.37 

There  is  a  corresponding  rapid  decrease  in  resistance  when  the  current  increases.  Hence,  varis- 
tors are  generally  used  to  provide  over-voltage  protection  in  certain  circuits. 

A  thermistor  is  made  of  metallic  oxides  in  a  suitable  binder  and  has  a  large  negative  coefficient 
of  resistance  ie.  its  resistance  decreases  with  increase  in  temperature  as  shown  in  Fig.  1.30  </>).  Fig. 
1.30  (c)  shows  how  the  resistance  of  an  incandescent  lamp  increases  with  voltage  whereas  Fig.  1.30 
id)  shows  the  V-l  characteristics  of  a  typical  silicon  diode.  For  a  germanium  diode,  current  is  related 
to  its  voltage  by  the  relation. 

,        ,  .  1711.1)20      ,  , 
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1.19.  Yaristor  (Nonlinear  Resistor) 

It  is  a  voltage -dependent  metal-oxide  material  whose  resistance  decreases  sharply  with  increas- 
ing voltage.  The  relationship  between  the  current  flowing  through  a  varistor  and  the  voltage  applied 
across  it  is  given  by  the  relation  :  /  =  ke"  where  i  =  instantaneous  current,  e  is  the  instantaneous 
voltage  and  t|  is  a  constant  whose  value  depends  on  the  metal  oxides  used.  The  value  of  r\  for 
silicon-carbide-based  varistors  lies  between  2  and  6  whereas  zinc-oxide-based  varistors  have  a  value 
ranging  from  25  lo  50. 

The  zinc -oxide-based  varistors  are  primarily  used  for  protecting  solid-state  power  supplies  from 
low  and  medium  surge  voltage  in  the  supply  line.  Silicon-carbide  varistors  provide  protection  against 
high- voltage  surges  caused  by  lightning  and  by  the  discharge  of  electromagnetic  energy  stored  in  the 
magnetic  fields  of  large  coils. 

1.20.  Short  and  Open  Circuits 

When  two  points  of  circuit  are  connected  together  by  a  thick  metallic  wire  (Fig.  1.38).  they  are  said 
10  be  short-circuited.  Since  'short*  has  practically  zero  resistance,  it  gives  rise  to  two  important  facts  : 
(0    no  voltage  can  exist  across  it  because  V=Zff  =  /xO  =  0 

(fi)  current  through  it  (called  short-circuit  current)  is  very  large  (theoretically,  infinity) 
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Fig.  1.38 


Fig.  139 

Two  points  are  said  to  be  open-circuited  when  there  is  no  direct  connection  between  them 
(Fig,  1.39).  Obviously,  an  'open'  represents  a  break  in  the  continuity  of  the  circuit.  Due  to  this 
break  # 

(/)  resistance  between  the  two  points  is  infinite. 

(ii)  there  is  no  flow  of  current  between  the  two  points. 

121.  'Shorts'  in  a  Series  Circuit 

Since  a  dead  (or  solid)  short  has  almost  zero  resistance,  it  causes  the  problem  of  excessive  current 
which,  in  turn,  causes  power  dissipation  to  increase  many  times  and  circuit  components  to  bum  out. 

/ 
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In  Fig.  1.40  (a)  is  shown  a  normal  series  circuit  where 

V  =  12  V. /?  =  /?,  +  «,  +  /?,  =  6  £i 
/  =  V/R  =  12/6  =  2  A",  P  =  I2R  =  22  x  6  =  24  W 
In  Fig.  1 .40  (fc ),  3-12  resistor  has  been  shorted  out  by  a  resistance  less  copper  wire  so  that  RCD  =  0. 
Now,  total  circuit  resistance  /?=  1  +  2  +  0  =  3  Q.  Hence,  /  =  12/3  =  4  A  and  P  =s  4  X  3  =  48  W. 

Fig.  1 .40  (cj  shows  the  situation  where  both  2  £2  and  3  £2  resistors  have  been  shorted  out  of  the 
circuit.  In  this  case, 

R  =  I  £2,  /=  12/1  =  12  A    and    P  =  \22  x  1  =  144  W 
Because  of  this  excessive  current  (6  limes  the  normal  value),  connecting  wires  and  other  circuit 
components  can  become  hot  enough  to  ignite  and  burn  out. 

1.22.  'Opens'  in  a  Series  Circuit 

In  a  normal  series  circuit  like  the  one  shown  in  Fig.  1.41  (a),  there  exists  a  current  Flow  and  the 
voltage  drops  across  different  resistors  are  proportional  to  their  resistances.  If  the  circuit  becomes 
'open*  anywhere,  following  two  effects  are  produced  : 

(/)   since  'open'  offers  infinite  resistance,  circuit  current  becomes  zero.  Consequently,  there  is 

no  voltage  drop  across     and  R-,. 

-AW  1        i  ^vW  1  ( jj)  whole  of  the  applied  voltage  (i.  e.  1 00 

V  in  this  case)  is  felt  across  the  'open'  i.e. 
across  lenninals  A  and  B  [Fig,  1.41  (b)]. 
ACj~^~\^    The  reason  for  this  is  that  /J,  and  R2 
(V) become  negligible  as  compared  to  the 
BQ*.  infinite  resistance  of  the 'open"  which  has 

1 00  V  practicality  whole  of  the  applied  voltage 
dropped  across  it  (as  per  Voltage  Divider 
Rule  of  art.  1. 15).  Hence,  voltmeter  in 
Fig.  1.41  (b)  will  read  nearly  100  V  i.e. 
the  supply  voltage. 


v  —  toov 


8, 

m 


Fig.  1.41 


1.23.  'Opens'  in  a  Parallel  Circuit 

Since  an  'open'  offers  infinite  resistance,  there  would  be  no  current  in  that  part  of  the  circuit 
where  it  occurs.  In  a  parallel  circuit,  an  'open'  can  occur  either  in  the  main  line  or  in  any  parallel  branch. 

As  shown  in  Fig.  1.42  (a),  an  open  in  the  main  line  prevents  flow  of  current  to  all  branches. 
Hence,  neither  of  the  two  bulbs  glows.  However,  full  applied  voltage  (i.e.  220  V  in  this  case)  its 
available  across  the  open. 
Open 


220  V 


220  V 


Open  Filament 


fa)  ib) 
Fig.  1.42 

In  this  Fig.  1 .42  {b),  'open'  has  occurred  in  branch  circuits  of  Bv  Since  there  is  no  current  in  this 
branch.  will  not  glow.  However,  as  the  other  bulb  remains  connected  across  the  voltage  supply, 
it  would  keep  operating  normality. 

It  may  be  noted  dial  if  a  voitr 
voltage  of  220  V. 
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2" 


1.24.  •Shorts'  in  Parallel  C  ircuits 


Suppose  a  'short'  is  placed  across  ft,  (Fig.  1.43).  It  becomes  directly  connected  across  the 
battery  and  draws  almost  infinite  current  because  not  only  its  own  resistance  but  that  of  the  connect- 
ing wires  AC  and  BO  is  negligible.  Due  to  this  excessive  current,  the  wires  may  get  hot  enough  to 
burn  out  unless  the  circuit  is  protected  by  a  fuse. 

R, 


D 

<a>  Fig.  1.43  (b> 

Following  points  aboul  the  circuit  of  Fig.  1.43  (a)  are  worth  noting. 

1 .  not  only  is  ft3  short-circuited  but  both  ft,  and  ft,  are  also  shorted  out  i.e.  short  across  one 
brunch  means  short  across  all  branches. 

2.  there  is  no  current  is  shorted  resistors.  If  these  were  three  bulbs,  they  will  not  glow, 

3.  the  shorted  components  are  not  damaged.  For  example,  if  we  had  three  bulbs  in  Fig.  1.43 
(a),  they  would  glow  again  when  circuit  is  restored  to  normal  conditions  by  removing  the 
short-circuited. 

It  may,  however,  be  noted  from  Fig.  1 .43  (b)  that  a  short-circuit  across  Rj  may  short  out  ft-,  but 
not  ft,  since  it  is  protected  by  ft4, 

1.25.  Division  of  Current  in  Parallel  Circuits 

In  Fig.  1.44,  two  resistances  are  joined  in  parallel  across  a  voltage  V.  The  current  in  eacfc 
branch,  as  given  in  Ohm's  law,  is 

/.  =  VOt.  and  /,  =  v7ft, 


As 


h 


a, 


=  G,  and 

~  G, 


J_ 
ft, 


=  G, 


Hence,  the  division  of  current  in  the  branches  of  a  parallel 
circuit  is  directly  proportional  to  the  conductance  of  the  branches 
or  inversely  proportional  to  their  resistances.  We  may  also 
express  the  branch  currents  in  terms  of  the  total  circuit  current  thus 


-O  V  O- 


Fig.  1.44 


Now 


/,  +  /,  =  /; 


/,=  /-/ 


/ 


ft, 


/  - 1  ft, 


i  _ 


or  /.ft.  =  ft,  </-/,) 


-  ft-       G.  +  G, 


/     *J  - 
ft,  -  ft, 


G.  +  G, 


This  Current  Divider  Rule  has  direct  application  in  solving  electric  circuits  by  Norton's  theorem 
(Art.  2.25). 

Take  t 
current  is  / 
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Also 


or 


Now 


V 
V 


=  IR 


=  —r  or 


R 

R  = 


R 
1 


IR  =  /,  J?, 


/,  =  miRi 


m 


Ri       R2  R2 

RtR2R3 
RjR%  +  R-,R^  +  RfR-, 


From  (/)  above,     J.  =  I 


R,R 


r*3 


Similarly, 


R}R3 


-o  V  o- 
Fig.  1.45 


=  / 


G,  +  G-,  +  G3 
G, 


G|  +  Gj  +  G-, 


f,  =  / 


=  1  . 


Gj  +  G-,  +  G, 


R{R2 
R^R2  +  R2Rj  + 

Example  1.37.  A  resistance  of  10  il  is  connected  in  series  with  two  resistances  each  oj  15  ti 
arranged  in  parallel.  What  resistance  must  he  shunteil  across  tins  parallel  combination  so  that  the 
total  current  taken  shall  be  1.5  A  with  20  V  applied  ? 

(Elements  of  Elect.  Engg.-l:  Banglorc  Univ.  Jan.  1989) 

ft 

/,  15 


Solution.  The  circuit  connections  are  shown  in  Fig.  1 .46. 
Drop  across  10-il  resistor  =  1.5  x  10  =  IS  V 


Drop  across  parallel  combination.  V.1/(  =  20  —  15  =  5  V 
Hence,  voltage  across  each  parallel  resistance  is  5  V. 

/,  =  5/15  =»  1/3  A.  /,  =  5/15  =  1/3  A 

I3  =  1.5  -  (1/3  +  1/3)  =  5/6  A 
I,R  =5    or    (5/6)/?  =  5    or    R  =  (•  Li 

Example  1.38.  1/20  V  he  applied  across  AB  shown  in 
Fit;.  1.40,  calculate  the  total  current,  the  power  dissipated  in 
each  resistor  and  the  value  of  the  series  resistance  to  have  the 
total  current.       (Elect.  Science-II.  Allahabad  l'ni>.  1992i 

Solution.  As  seen  from  Fig.  1.47.  RAH  =  370/199  £2. 


10 
i—NW- 


15 


B 


1.5  A 


—  20  V  — 
lit;.  1.46 


Hence,  total  current 


2 


4 


6 

8 

-AW- 


=  20 -r  370/199  =  10.76  \ 
/,  =  10.76x5(5  +  74.25  )  =  6.76  /*;/,=  10.76-6.76  =  4  A 

24 

/ 


,10- 


VI 
-+- 


5 


B 
-o 


25  M  2 


,10- 


5 


1 70/ 199 
-AW— 


I  m 
—08 


OB 


Fig.  1.47 


Electric  Current  and  Ohm 's  Imh- 


ff  =  6.76  X  6/9  =  4.5 1  A;  I  =  6.76  -  4.5  I  =  2.25  A 
Voltag  drop  across  .4  arid  M.  VAM  =  6.76  x  24/25  =  6.48  V 

la  =  Vu/2  -  6.48/2  =  3.24  A".     =  6.48/4  =  1 .62  A;  lc  =  6.48/6  =  1 .08  A 


6.48/8  =  0.81  A,/,  =  20/5  =  4  A 


Power  Dissipation 

P  =  J 2  R  =  3.242  x  2  =  21  \V,  P.  =  1.622  x  4  =  10.4  W.  P  =  1 .082  x  6  =  7  W 

ti       ti      it  *    fy  9  € 

P4  =  0.8 1 2  x  8  =  5.25  W.  Pr  =  42  x  5  =  80  W.  Pf  =  4.5 1 2  x  3  =  6 1  \V 

P  =  2.252  x  6  =  30.4  VV 

The  scries  resistance  required  is  370/199  £2 

Incidentally,  total  power  dissipated  =  I2  RAB  =  I0.762  x  370/199  =  215.3  W  (as  a  check). 

Kxampli'  1.39.  Calculate  the  values  of  different  currents  for  the  circuit  shown  in  Fig.  1.48. 
What  is  the  lota!  circuit  conductance  ?  and  resistance  ? 


Sotutkm.  As  seen,  /  =  I3.  The  current  division  takes  place  at  point  B. 


As  seen  from  An.  1 .25. 


/  =  / 


/, 


G,  +  G2  +  GK 


I  0.4S 


B 


=  !2xM=2A 
0.6 

/,  =  12x0.2/0.6  =  4  A 
l3  =  12  x  0.3/0.6  =  6  A 
G8C  =  0.1  +  0.2 +  0.3  =  0.6  S 
I 


®12A 


0.1S 
■AW  1 


/,  0.2S 
» — AAAA- 


/,  0.3S 
■*£ — AAAA — ' 


—  +- 


I 


J_+_L=i5s- 

0.4    0.6  6 


Fig.  1.48 

RAC  =  UGAC=25I6  il 


Example  1.40.  Compute  the  values  of  three  branch  currents  for  the  circuits  of  Fig.  1.4V  (a). 
What  i.s  the  potential  difference  between  /taints  A  and  B  '.' 

Solution.  The  two  given  current  sources  may  be  combined  together  as  shown  in  Fig.  1.49  {ft). 


AO 


:o.5S 


0.255® 


BO 


0.25 


<iA 


(a) 


Now. 


Fig.  1.49 

G  =  0.5  +  0.25  +  0.2  =  0.95  S: 


opposite  direction 

s. 

1 

^)i9A  : 

»0.55  i 

•0.255  \ 

;0.25 

=  /^L  = 
G 

0.95 

=  10  A 

,  u  A=]9x 

G  0.95 


5A;/,  =  /|  =  19x||=4A 


"AS 


11     G.     G-,     G,        *fl  0.5 


The  same  voltage  acts  across  the  three  conductances. 
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Example  1.41.  Two  conductors,  one  of  copper  and  the  other  of  iron,  ore  connected  in  portdlel 
ond  at  20° C  carry  equal  currents.  What  proportion  of  current  will  pass  through  each  if  the  tempera- 
ture is  raised  to  KX)°C  '.'  Assume  a  for  copper  as  0.0042  and  for  iron  as  0. 006  per  'C  at  20°C.  Find 
also  the  values  of  temperature  coefficients  at  100"C.         (Electrical  Engg.  Madras  Univ.  1987) 

Solution.  Since  they  carry  equal  current  at  20°C,  the  two  conductors  have  the  same  resistance 
at  20°C  i.e.  R^a.  As  temperature  is  raised,  their  resistances  increase  thorugh  unequally. 


For  Cu. 
For  iron 


=  R^  (  I  +  80  x  0.0042)  =  1 .336  R 
=  R~20  (1  +  80  x  0,006)  =  1 .48  R1{) 


20 


As  seen  from  Art.  1 .25,  current  through  Cu  conductor  is 


f 


fx 


mil 


=  /X 


1 .48  /?20 
2.816  fl,n 


0.5256  /  or  52.56%  of/ 


Hence,  current  through  Cu  conductor  is  52.56  per  cenL  of  the  total  current, 
remaining  current  i.e.  47.44  per  cent  passes  through  iron. 
Or  current  through  iron  conductor  is 


Obviously,  the 


/,  =  /. 


A" 


MX) 


^100  "t  ^100 


1 .336  /?,,. 

/  x  y  =  0.4744  /  or  47.44%  of  / 


2.816  K 


20 


For  Cu, 
For  iron. 


DC, 


a, 


(1/0.0042)  +  80 
I 


=  0.003 14UC~' 


(1/0.006) +  80 


=  0.0040  C 


Example  1.42.  A  battery  of  unknown  e.m.f.  is  connected  across  resistances  as  shown  in  Fig. 
1.50.  The  voltage  drop  across  the  #-12  resistor  is  20  V.  What  will  be  the  current  reading  in  the 
ammeter  ?  What  is  the  e.m.f.  of  the  battery  ?         I  Basic  Elect.  Engg.;  Bangladesh  Univ.,  19901 

Solution.  Current  through  S-Q  resistance  =  20/8  =  2.5  A 

This  current  is  divided  into  two  parts  at  point  A:  one 
pan  going  along  path  AC  and  the  other  along  path  ABC 
which  has  a  resistance  of  28  CI. 

I  I 


/,  =  2.5  x- 


0.7 


0  1  +  28) 
Hence,  ammeter  reads  0.7  A. 
Resistance  between  A  and  C  =  (28  x  1 1/39)  ohm. 
Total  circuit  resistance  =  8+11+  (308/39)  =  1049/39  Q 
E  =  2.5  x  1049/39  =  67.3  V 


13H 


Fig.  1.50 


1.26,  Equivalent  Resistance 

The  equivalent  resistance  of  a  circuit  (or  network)  between  its  any  two  points  (or  terminals)  is 
given  by  that  single  resistance  which  can  replace  the  entire  given  circuit  between  these  two  points.  It 
should  be  noted  that  resistance  is  always  between  two  given  points  of  a  circuit  and  can  have  different 
values  for  different  point-pairs  as  illustrated  by  Example  1.42.  it  can  usually  be  found  by  using 
series  and  parallel  laws  of  resistances.  Concept  of  equivalent  resistance  is  essential  for  understand- 
ing network  theorems  like  Thevenin's  theorem  and  Norton's  theorem  etc.  discussed  in  Chapter  2. 

Example  1.43.  Find  the  equivalent  resistance  of  the  circuit  given  in  F'ig.  1.51  (a)  between  the 
following  points  ti)  A  and  B  fit)  C  and  D  (Hi)  E  and  F  (iv)  A  and  F  and  fv)  A  and  C.  Numbers 
represent  resistances  in  ohm. 

Solution,  (i)  Resistance  Between  A  and  B 

In  this  case,  the  entire  circuit  to  the  right  side  of  AB  is  in  parallel  with  I  i2  resistance  connected 
directly  across  points  A  and  B. 


Electric  Current  and  Ohm's  Imw 


$  w — E  No — wa- 


33 


^  2 

o — wv^- 


,1 


A 


B  D  F  D         F      g  D      b  D  b 

(a)  (b)  (c)  (d)  (e) 

Fig.  1.51 

As  seen,  there  are  two  parallel  paths  across  points  C  and  D:  one  having  a  resistance  of  6  CI  and 
the  other  of  (4  +  2)  =  6  Ci.  As  shown  in  Fig.  1.51  (c).  the  combined  resistance  between  C  and  D  is 
=  6 II  6  =  3  Q.  Further  simplifications  are  shown  in  Fig.  1.51  (</)  and  (e).   As  seen,  RAO  =  5/6  fl. 

(ii )  Resistance  between  C  and  D 

As  seen  from  Fig.  1 .5 1  (a),  there  are  three  parallel  paths  between  C  and  D  (/)  CZ)  itself  of  6  Q 
(it)  CEFD  of  (4  +  2)  =  6  tl  and  (iifl  CABD  of  (2  +  1 )  =  3  CI.  It  has  been  shown  separately  in  Fig.  1.52 
(a).  The  equivalent  resistance  Rcn  =  3  II  6  II  6  =  1 .5  CI  as  shown  in  Fig.  1 .52  (b). 

{Hi)  Resistance  between  E  and  F 

In  this  case,  the  circuit  to  the  left  side  of  EF  is  in  parallel  with  the  2  CI  reMStance  connected 
directly  across  E  and  F.  This  circuit  consists  of  a  4  CI  resistance  connected  in  series  with  a  parallel 

a         r       *      E  r 
-AW — Q 


circuit  of  6 II  (2  +  1 )  =  2  CI  resistance.  After  various  simplifications  as  shown  in  Fig.  1 .53,  RFJ.  =  2 II 6  =  IS  Ci. 


-VW — i 


A 
Q- 


2 


i 

o- 


D 
(a) 


(iv )  Resistance  Between  .1  and  /■ 
As  we  go  from  A  and  F.  there  are  two 
along  AC.  At  point  C,  there  are  again  twc 


Fig.  1.54 


ti- 
ll 


D  B 


(c) 


<d) 


6 

F 

(e) 


.14 
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As  seen  from  Fig.  1 .54  {b),  RCD  =  6  II  6  =  3  £X  Further  simplification  of  the  original  circuit  as 
shown  in  Fig.  1 .54  (r).  (d)  and  (e)  gives  R^  =  5/6  il. 
(v)  Resistance  Between  .4  and  C 

In  this  case,  there  are  two  parallel  paths  between  4  and  C  ;  one  is  directly  from  A  to  C  and  the 
other  is  along  ABD.  At  D,  there  are  again  two  parallel  paths  to  C;  one  is  directly  along  DC  and  the 
other  is  along  DFEC. 

A 


A  2 


— i 


B 


D 
fa) 


9- 

— w  

4 

 'VvV  

— O 

o — 

 -AW  

— O 

4/3 


Fir.  1.55 

As  seen  from  Fig.  1 .55  0),  RCD  =  6  II  6  =  3  Q.  Again,  from  Fig.  1 .55  Id).  RAC  =  2  II 4  =  4/3  Q. 

Example  1.44.  Two  resistors  of  values  I  Ui  and  4  il  are  connected  in  series  across  a  constant 
voltage  supply  of  100  V.  A  voltmeter  having  an  internal  resistance  of  12  kil  is  connected  across  the 
4  kil  resistor.  Draw  the  circuit  and  calculate 

{a)  true  voltage  across  4  kil  resistor  before  the  voltmeter  was  connected. 

ib\  actual  voltage  across  4kil  resistor  after  the  voltmeter  is  connected  and  the  voltage 
recorded  by  the  voltmeter. 

(c)  change  in  supply  current  when  voltmeter  is  connected. 

id)  percentage  error  in  voltage  across  4  kil  resistor. 

solution,  (a)  True  voltage  drop  across  4  kil  resistor 
as  found  by  voltage-divider  rule  is  100  x  4/5  =  80  V 

Current  from  the  supply  =  100/(4  +  1 )  =  20  mA  A 

(b)  In  Fig.  1.56,  voltmeter  has  been  joined  across  the 
4  kil  resistor.  The  equivalent  resistance  between  B  and  C 
=  4x  12/16  =  3  kfl 

Drop  across  B  and  C  =  100  x  3/(3  +  I )  =  75  V. 

(c)  Resistance  between  A  and  C  =  3  +  1  =4  kil 
New  supply  current  =  100/4  =  25  mA 

increase  in  current  =  25  -  20  =  5  mA 


12K.fi 


-Q  1 00  VO 
Fig.  156 


(d)  Percentage  error  in  voltage  = 


actual  voltage  —  true  voltage  _  (75  -  80) 


x  100  =  -6.25% 


true  voltage  80 

The  reduction  in  the  value  of  voltage  being  measured  in  called  voltmeter  loading  effect  because 
voltmeter  loads  down  the  circuit  element  across  which  it  is  connected.  Smaller  the  voltmeter  resis- 
tance as  compared  to  the  resistance  across  which  it  is  connected,  greater  the  loading  effect  and, 
hence,  greater  the  error  in  the  voltage  reading.  Loading  effect  cannot  be  avoided  but  can  be  mini- 
mized by  selecting  a  voltmeter  of  resistance  much  greater  than  that  of  the  network  across  which  it  is 
connected. 

Example  1.45.  In  the  circuit  of  Fig.  1.57.  find  the  value  of  supply  voltage  V  so  that  20-il 
resistor  can  dissipate  I  NO  W. 


Electric  Current  and  Ohm 's  Law 

Solution.  /4:  x  20  =  180  W;  /4  =  3  A 
Since  15  ft  and  20  ft  are  in  parallel. 


35 


/,  x  15  =  3x20 


/j=4  A 


/,  =  /,  +  /4  =  4+3  =  7A  -L 


Now.  resistance  of  the  circuit  to  the  right  of  point  A  is 
=  10+  15  x20/35=  130/7  ft 
/,  x  25  =  7  x  130/7 

/,  =  26/5  A  =  5.2  A 
/  =  /,  +  /,  =  5.2  +  7  =  12.2  A 
Total  circuit  resistance 

RAE  =  5  +  25  11  130/7  =  955/61  ft 
V  =  f 


Fig.  1.57 


RAli  =  12.2x955/61  =191  V 

Example  1.46.  For  the  simple  ladder  network  shown  in  Fig.  !. 58,  find  the  input  voltage  Vt 
which  produces  a  current  of  0.25  A  in  the  .J -ft  resistor.  All  resistances  are  in  ohm. 

Solution.  We  will  assume  a  current  of  I  A  in  the  3-ft  resistor.  The  voltage  necessary  to 
produce  1  A  bears  the  same  ratio  to  I  A  as  K  does  to  0.25  A  because  of  the  linearity  of  the  network. 
It  is  known  as  Current  Assumption  technique. 


Fig.  1.58 

Taking  the  proportion,  we  get 
80 

1     "  0.25 


S  i  nee 

RcJrf 

Ri;  =  6  ft 

Hence. 

1  A 

;md 

V[ifc/=lx6  =  6V. 

Also, 

'* 

I  +  1  =2  A 

\ 

1^+^  =  2x5  +  6  =  16V 

16/8  =  2  A 

V  W,bs  =  2+2=4A 

4x7  + 16 +  4x9  =  80  V 

V.  =  80  x  0.25  =20.V 


V  — 


F.vumple  1 .47.  In  this  circuit  of  Fig.  1.59.  fiml  the  value  R,  and  R ,  so  tluit  L  =  I  /n  and  the  input 
it  sistance  as  seen  from  points  A  and  B  is  R  ohm. 

A  i 

Solution.    As  seen,  the  current  through  R2  in  | — 
(/,  -  /,).  Hence,  p.d.  across  points  C  and  D  is 
R2  (/,  -  /,)  =  (/?,  +  /?)  /,  or  R2  /,  ='  (/?,  +  /?,  +  R)  l2 
/.         R,  +  R7  +  R 

Ti  =  — «.  ,m 

The  input  resistance  of  the  circuit  as  viewed  from 
terminals  A  and  B  is  required  to  be  R. 

R  =   ft,  +  R2  II  (Ri  +  R) 

R,  +  R 


=  R,  + 


...using  Eq.  (/) 


R  in  -  1)  =  R.in  +  I) 


M 
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"  ~~  1    a         J     n  Rl  +  R 

 R  and  /?-,  =  — 5  

n  +  1  2     (n  -  1) 


2b 


1.27.  Duality  Between  Series  and  Parallel  Circuits 

There  is  a  certain  peculiar  pattern  of  relationship  between  series  and  parallel  circuits.  For  example, 
in  a  series  circuit,  current  is  the  same  whereas  in  a  parallel  circuit,  voltage  is  the  same.  Also,  in  a 
series  circuit,  individual  voltages  are  added  and  in  a  parallel  circuit,  individual  currents  are  added.  It 
is  seen  that  while  comparing  series  and  parallel  circuits,  voltage  takes  the  place  of  current  and  current 
lakes  tha  place  of  voltage.  Such  a  pattern  is  known  as  "duality"  and  the  two  circuits  are  said  to  be 
duals  of  each  other. 

As  arranged  in  Table  1 .4  the  equations  involving  voltage,  current  and  resistance  in  a  series 
circuit  have  a  corresponding  dual  counterparts  in  terms  of  current,  voltage  and  conductance  for  a 
parallel  circuit. 

fable  1.4 


Scries  Circuit 

Parallel  Circuit 

>,    =   >2  =  >3  = 

vr  -  v1  +  vJ+  v3  +  

R\     R')  R-^ 

R  R 
Voltage  Divider  Rule  V.  =  VT  -L.  V2  =  VT  -J- 

/Cy  Ay* 

V  =v3  =  v,  =  

/,   -  /,  +  /j+  /3+  

Gj  —  Gt  +  G2  +  Gj  +  

C|  G2 

G  G 
Current  Divider  Rule  /.  =  lT  -—.     =  lT  - 

Uf    '  Uj 

Tutorial  Problems  No.  1.4 

1.  Using  the  current-divider  rule,  find  the  ratio  lt/ls  in  the 
circuit  shown  in  Fig,  1.60.  |().25| 

2.  Find  the  values  of  variables  indicated  in  the  circuit  of  Fig. , 
1.61.  All  resistances  are  in  ohms.  1 

1(a)  40  V  (b)  21  V:  15  V  (c)  -  5  A:  3  A| 


15 


1 — WV*  1 

1 — w — 1 

— w — 1 

J  \ 

■10  I 

:6  I 

h 

5 


Fir.  1.60 


0.6A 


W  fty  (ty 

Fig.  1.61 

An  ohmeter  is  used  for  measuring  the  resistance  of  a  circuit  between  its  two  terminals.  What  would 
be  the  reading  of  such  an  instrument  used  for  the  circuit  of  Fig.  1.62  at  point  (a)  AB  (b)  AC  and 
tc)  BC  ?  All  resistances  are  in  ohm.  1 10  >  25  Q  \b  \  24  Q  let  9  Cl| 

Find  the  current  and  power  supplied  by  the  battery  to  the  circuit  of  Fig.  1.63  </')  under  normal  condi- 
tions and  (it)  when  a  "short'  occurs  across  terminals  A  and  B.  All  resistances  are  in  kilohm. 
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4K  £1 

 O 


6Kn 


4  —12  V 


/  IKfi 


6K  n 

-^vW  . 


^9  V  : 

*3K Q     S  u 

\  1 

Fig.  1.63 


Fig.  1.64 


8A 


) 

+ 

40AQ 


>6S 


>  IS 


Fig.  1.65 


Fig.  1.67 


6. 
7. 

8. 
10. 


Fig.  1.66 

Compute  the  values  of  battery  current  /  and  voltage  drop  across  6  k£2  resistor  of  Fig,  1 ,64  when  switch  S 
is  (a)  closed  and  (b)  open.  All  resistance  values  are  in  kilohm.  \\a\  3mA;  6  V;  ib)  2.25  mA;  OV) 
For  the  parallel  circuit  of  Fig.  1.65  calculate  (i)  V  (ii)  /,  (Hi)  /2.  [(«')  20  V:  (i;)  5  A;  Ii'iV)  -  5  A| 

Find  the  voltage  across  terminals  A  and  B  of  the  circuit  shown  in  Fig.  1 .66.  All  conductances  are  in 
Siemens  (S).  |5  V| 

Prove  that  the  output  voltage  V((  in  the  circuit  of  Fig.  1.67  is  V/13. 

A  fault  has  occurred  in  the  circuit  of  Fig.  1 .68.  One  resistor  has  burnt  out  and  has  become  an  open. 
Which  is  the  resistor  if  current  supplied  by  the  battery  is  6  A  7  All  resistances  are  in  ohm.  |4  Q| 
In  Fig.  1 .69  if  resistance  between  terminals  A  and  B  measures  1000  £2.  which  resistor  is  open-circuited. 


All  conductance  values  are  in  milli-siemens  (mS). 


[0.8  mS| 


SO- 
Fig.  141 

11,  In  the  circuit  of  Fig.  1.70.  find  current  (a)  I  and  (b)  /,, 


f  

1 

0.2^ 

:    o.3  \ 

I  0.8; 

I  0.5* 

i  

1 

Fig,  \.m 


|(fl)2A:(*)fl.5Al 


'VW — QA 


-AAA 
200 


Fig.  1.70 


Fie.  1.71 
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12. 
13. 


14. 


15. 


Deduce  the  current  /  in  the  circuit  of  Fig.  1.7 1.  All  resistances  are  in  ohms.  [25  A| 

Two  resistors  of  100  Si  and  200  SI  are  connected  in  series  across  a  4-V  celt  of  negligible  internal 
resistance,  A  voltmeter  of  200  Si  resistance  is  used  to  measures  P.D.  across  each.  What  will  the 
voltage  be  in  each  case  ? 

Using  series-parallel  combination  laws,  R 


1 1  V  across  100  Q 
2R 


2  V  across.  200  Si\ 
2R 


3R 


3R 


2R 


2R 


lf>. 


find  the  resistance  between  terminals  A  A 
and  B  of  the  network  shown  in  Fig.  1 .72. 

[4W] 

A  resistance  coil  AS  of  100  SI  resistance 
is  to  be  used  as  a  potentiometer  and  is 
connected  to  a  supply  at  230  V.  Find, 

by  calculation,  the  position  of  a  tapping  2R 

point  C  between  A  and  B  such  that  a   g  i  

current  of  2  A  will  flow  in  a  resistance  >  

of  50  Si  connected  across  A  and  C.  Fig.  1.72 

[43.4  £1  from  A  to  CI  [London  Univ.) 

In  the  circuit  shown  in  Fig.  1 .73,  calculate  (a)  current  /  (ft)  current  /,  and  (c)  V^.  All  resistances  are 
in  ohms.  [lo )  4  A  (ft)  0.25 .4  ic)  4  VT 


4 

-AMr 


20  100 
-AM, — • — Wr 


25 
-AAA — i 


5A 


Fig.  1.74 

17.  In  the  circuit  given  in  Fig.  1 .74.  calculate  (a)  current  through  the  25  Si  resistor  (ft)  supply  voltage  V. 
All  resistances  are  in  ohms.  [l">  2  A  (ft)  100  V] 

18.  Using  series  and  parallel  combinations  for  the  electrical  network  of  Fig.  1.75.  calculate  (a)  current 
flowing  in  branch  AF  (ft)  p.d.  across  branch  CD.  All  resistances  are  in  ohms,   [(a)  2  A  (ft)  1.25  VJ 


24  V 


E 

Fig.  1.75  Fig.  Vfi 

19.   Neglecting  the  current  taken  by  volemters  V,  and  V,  in  Fig.  1 .76,  calculate  (a)  total  current  taken  from 
Oie  supply  (b)  reading  on  voltmeter  V,  and  (c)  reading  on  voltmeter  V2Ua)  15  A  (ft)  14  V  (r)  16  V] 
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20.  Find  the  equivalent  resistance  between  terminals  A  and  B  of  the         Pp  4Q — I  0n 

circuit  shown  in  Fig.  1.77.  Also,  find  the  value  of  currents  /t,  /7,  r-l— W — , — w, — I — <vw 
and  /3.  All  resistances  are  in  ohm. 

[S  £1 ;  /,  =  2  A:  I,  =  0.6  A:  /,  =  0.4  A  ] 

21.  In  Fig.  1.78,  the  10  SI  resistor  dissipates  360  W.  What  is  the 
voltage  drop  across  the  5  SI  resistor  ?  (30  V  | 

22.  In  Fig.  1 .79,  the  power  dissipated  in  the  10  Q  resistor  is  250  W. 
What  is  the  total  power  dissipated  in  the  circuit  ?       [850  W) 

25 


o  - 


o- 
E 

o  - 


5 


10 


1  f 

r-l—W.  

40    1  60 

— m. — i — w. — | 

-  24  V 

Fig.  1.77 

I 

E 

a-  < 

1 6  1 

o+ 

8  V 

r 

12 


Fig.  1.78 


Fig.  1.79 


Fig.  1,80 


23.  What  is  the  value  of  £  in  the  circuit  of  Fig.  1 .80  ?  All  resistances  are  in  ohms. 


[4  V] 


a  o 


b  O 


f%)  (b)  (c)  fj) 

Fig.  1.81 

24.  Find  the  equivalent  resistance  Ra_h  at  the  terminals  a  -  b  of  the  networks  shown  in  Fig.  1.81. 

[<■)•<*)  0<«)*  (4)2Q| 

25.  Find  the  equivalent  resistance  between  terminals  a  and  h  of  the  circuit  shown  in  Fig.  1.82  (a).  Each 


resistance  lias  a  value  of  1  Q 


I5/II  Q) 


M 


Fig.  1.82 


26.  Find  the  equivalent  resistance  between  terminals  a  and    of  the  circuit  shown  in  Fig.  1.82  (b).  Each 
resistor  has  a  value  of  1  SI.  [5/12  Q| 


4(1 
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27.  Two  resistors  of  value  KXX)  Q  and  4000  ti  are  connected  in  series  across  a  constant  voltage  supply  of 
150  V.  Find  (a)  p.d.  across  4000  ohm  resistor  (b)  calculate  the  change  in  supply  current  and  the 
reading  on  a  voltmeter  of  1 2.000  Si.  resistance  when  it  is  connected  across  the  larger  resistor. 

|(a)  120  V  \b)  7.5  mA;  11^5  VJ 

1.28.  Relative  Potential 

It  is  the  voltage  of  one  point  in  a  circuit  with  respect  to  that  of  another  point  (usually  called  the 
reference  or  common  point). 

Consider  the  circuit  of  Fig.  1 .83  (a)  where  the  most  negative  end-point  C  has  been  taken  as  the 
reference.  With  respect  to  point  C.  both  points  A  and  B  are  positive  though  A  is  more  positive  than  B. 
The  voltage  of  point  B  with  respect  to  that  of  C  i.e.  VBC  =  +  30  V. 


Similarly,  VAC  =  +  (20  +  30)  =  +  50  V. 

In  Ftg.  1 .83  [b).  the  most  positive  end  point 
A  has  been  taken  as  the  reference  point.  With 
respect  to  A,  both  B  and  C  are  negative  though 
C  is  more  negative  than  B. 

Vw  =  -20  V,  VCA  =  -{20  +  30)  =  -50  V 

In  Fig.  1 .83  (c).  mid-point  B  has  been  taken 
as  the  reference  point.  With  respect  to  B,  A  is  at 
positive  potential  whereas  C  is  at  a  negatiyjp  po- 
tential. 

Hence,  VM  =  +  20  V  and  VCB  =  -  30  V  (of 
course,  VBC  =  +  30  V) 


20  V 


30  V 


C  _ 


4r 


(a) 


'AC' 


tr 

Reference 


20  V 


30  V 


Reference 

C  _ 
-»  » 


,1 


20  V 
-AAAA^ 


B 


f 

Reference 
Fig.  1.83 


30  V 
->VW^ 


c 

■-*-- 


(b) 


<<■■) 


It  may  be  noted  that  any  point  in  the  circuit 
can  be  chosen  as  the  reference  point  to  suit  our 
requirements.  This  point  is  often  called  ground  or  earth  because  originally  it  meant  a  point  in  a 
n        n         n     circuit  which  was  actually  connected  to  earth  either  for  safety  in  power 
systems  or  for  efficient  radio  reception  and  transmission.  Although,  this 
meaning  still  exists,  yet  it  has  become  usual  today  for  'ground1  to  mean 
any  point  in  the  circuit  which  is  connected  to  a  large  metallic  object  such 
\y    as  the  metal  chassis  of  a  transmitter,  the  aluminium  chassis  of  a  receiver,  a 
wide  strip  of  copper  plating  on  a  printed  circuit  board,  frame  or  cabinet 
Fig.  1.84  which  supports  the  whose  equipment.  Sometimes,  reference  point  is  also 

called  c  ommon  point.  The  main  advantage  of  using  a  ground  system  is  to 
simplify  our  circuitry  by  saving  on  the  amount  of  wiring  because  ground  is  used  as  the  return  path 
for  may  circuits.  The  three  commonly-used  symbols  for  grounnd  are  shown  in  Fig.  1.84. 


Example  1.48.  In  Fig.  1*85,  calculate  the  values  oj  (t)  V 
Solution.  It  should  be  noted  that  VAF  stands  for 
the  potential  of  point  A  with  respect  to  point  F.  The  aq- 
easist  way  of  finding  it  is  lo  start  from  the  reference 
point  F  and  go  lo  point  A  along  any  available  path 
and  calculate  the  algebraic  sum  of  the  voltages  met 
on  the  way.  Starting  from  point  F  as  we  go  to  point 
A.  we  come  across  different  battery  voltages.  Tak- 
ing the  sign  convention  given  in  Art.  1 .28.  we  get 


12  V 
At 


and  (Hi)  V, 


.'  a- 


—OB  7  1 1  1 

/  /  "V 

^6  V  X 4  V 


-or 


i 

8  V 


D 


Fig.  t.85 


(r)  VAF  =  -24  +  4  +  8-6+  12=  -6  V 

The  negative  sign  shows  that  point  A  is  negative  with  respect  to  point  F  by  6  V. 
(i/)  Similarlv. 


EA 


=  -  12  +  6-8-4  =  -  18  V 


(Hi)  Starting  from  point  6.  we  get  VFB  =  6-  8-  4  +  24=  18  V. 

Since  the  result  is  positive  it  means  thai  point  F  is  at  a  higher  potential  than  point  B  by  18  V. 
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Example  1.49.  ///  Fig.  1.86  compute  the  relative  potentials  of  points  A.  B.  C.  D  and  F.  which 
li)  point  A  is  grounded  and  Hi)  point  D  is  grounded.  Does  it  affect  the  circuit  operation  or  potential 
difference  between  any  pair  of  points  ? 

Solution.  As  seen,  the  two  batteries  have  been  connected  in  series  opposition.   Hence,  net 


circuit  voltage 

Total  circuit  resistance 
Hence,  the  circuit  current 
Drop  across  2  l~l  resistor 
Drop  across  6  fl  resistor 
34  V 

OV 


=  34-  10  =  24  V 
=  6+4+2=  I2il 
=  24/12  =  2  A 

=  2  x  2  =  4  V  Drop  across  4  Q.  resistor  =  2  x  4  =  8  V 
=  2x6=  12V 

34  V 


■61) 


1.87 


Fig.  1.86  Fig. 

(i)  Since  point  B  is  directly  connected  to  the  positive  terminal  of  the  battery  whose  negative 
terminal  is  earthed,  hence  Vfl  =  +  34  V  . 

Since  there  is  a  fall  of  4  V  across  2  Q  resistor,  Vc=  34  -  4  =  30  V 

As  we  go  from  point  C  to  D  i.e.  from  positive  terminal  of  10-V  battery  to  its  negative  termuial, 
there  is  a  decrease  in  potential  of  10  V.  Hence,  VD  =  30  -  10  =  20  i.e.  point  D  is  20  V  above  the 
ground  A. 

Similarly,  V£  =  VD  -  voltage  fall  across  4  ii  restors  =  20  -  8  =  +  12  V 

Also  VA  =  VE-  fall  across  6  LI  resistor  =  12(2x6)=  0  V 

(i7)  In  Fig.  1 .87,  point  D  has  been  taken  as  the  ground.  Starting  from  point  D,  as  we  go  to  E 

there  is  a  fall  of  8  V.  Hence,  V£  =  -  8  V.  Similarly,  VA  =  -  (8  +  12)  =  -  20  V. 

As  we  go  from  ^4  to  fi,  there  is  a  sudden  increase  of  34  V  because  we  are  going  from  negative 

terminal  of  the  battery  to  its  positive  terminal. 

VB  =  -  20  +  34  =  +  14  V 

Vc  =  VB-  voltage  fall  across  2  L~i  resistor  =  ^4  -  4  =  +  10  V. 

It  should  be  so  because  C  is  connected  directly  to  the  positive  terminal  of  the  10  V  battery  . 

Choice  of  a  reference  point  does  not  in  any  way  affect  the  operation  nf  a  circuit.  Moreover,  it 
also  does  not  change  the  voltage  across  any  resistor  or  between  any  pair  of  points  (as  shown  below) 
because  the  ground  current  i  —  0. 
Reference  Point  A 


Reference  Point  D 


VGA  = 

V  = 


Vc-V„  =  30- 
VB-V0=34 


0  =  +30V 
-20  =  +  14  V 


VCE=  VC-VE=3U  -  12  =  +  18  V 


va  =  vc~  va=  10-(-20)  =  +  30V:  VCE  =  Vc- VE  =  IO-(-8)  =  +  18  V 


'  BD 


VB-  VD  =  14-0=  +  14  V 


Example  1.50.    Find  the  voltage  V  in  Fig.  1.88  (a).  All  resistances  are  in  ohms. 

Solution.  The  given  circuit  can  be  simplified  to  the  Final  form  shown  in  Fig.  1.88  Id).  As  seen, 
current  supplied  by  the  the  battery  is  I  A.  At  point  .4  in  Fig.  1 .88  (b)>  this  current  is  divided  into  two 
equal  parts  of  0.5  A  each. 
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Obviously,  voltage  V  represents  the  potential  of  point  B  with  respect  to  the  negative  terminal  of 
the  battery.  Point  B  is  above  the  ground  by  an  amount  equal  to  the  voltage  drop  across  the  series 
combination  of  (40  +  50)  =  90  Q. 

V  =  0.5  x  90  =  45  V. 


l  -\ 


so 


100  V 


ioo: 


c 


(J) 


Fig.  1.88 
1.29.  Voltage  Divider  Circuit 

A  voltage  divider  circuit  (also  called  potential  divider)  is  a  series  network  which  is  used  to  feed 
other  networks  with  a  number  of  different  voltages  and  derived  from  a  single  inpul  voltage  source. 

Fig.  1.89  (a)  shows  a  simple  voltage 
divider  circuit  which  provides  two  output 
voltages  Vt  and  V-,.  Since  no  load  is  con- 
nected across  the  output  terminals,  it  is 
called  an  unloaded  voltage  divider. 

As  seen  from  Art.  1.15. 


and  V\  =V 


ft. 


/?!  +  R-,  /?j  +  /?n 

The  ratio  VJV  is  also  known  as  volt- 
age-ratio transfer  function. 

As  seen,  —  =  = —  =  

V         +  R2 


-OA 


-o  B 


—  K- 


-o  C 


1° 


(a) 


(b) 


1  +  /?,/fi. 


Fig.  1.89 


The  voltage  divider  of  Fig.  1.89  (b)  can  be  used  to  get  six  different  voltages  : 

vcg  -  vy  V  -  V%>  Vab  =  VY  V*  =  CV2  +  V,).  VAC  =  (Vt  ♦  V-,)  and  Vm  =  V 
Example  1.51.  Find  the  values  of  different  voltages  that  can  he  obtained  from  a  1 2 -V  battery 
with  the  help  of  voltage  divider  circuit  of  Fig.  1.90. 

Solution.  R  =  R ,  +  R2  +  R}  =  4  +  3  +  1  =  8  CI 


Drop  across 
Drop  across 


R\ 


12x4/8  =  6  V 

6  =  6  V  above  ground 
R ,  =  12x3/8  =  4.5  V 
Vt.  =  VB- 4.5  =6-  4.5=  1.5 
Drop  across  Ry  =  12  x  1/8  =  1.5  V 

Different  available  load  voltages  are  : 


V  =12 

ii 


(/)  v 


i  s  ■ 


VA-VS=  12 


■6=6  V 


Fig.  1.90 
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VAC  =12-1.5=  10.5  V 


(Hi)  VA0m  12  V 
t»  VCD  =  1.5  V 


R 


:6Q 


-6 


-  24  V 


0 

Fig.  1.91 


W 

(iv)  VBC  =  6-  1.5 «  4.SV 

Example  1.52.   Wlial  are  the  output  voltages  of  the  unloaded  voltage  divider  shown  in  Fig 
L9J  '  Wkal  h  the  direction  of  current  through  AB  ? 

Solution,  h  may  be  remembered  that  both  V,  and  V2  are  with  respect 
to  the  ground. 

R  =  6  +  4+2=  12Q 

V,  =  drop  across 

=  24x4/12=  +8  V 

V,  =  drop  across     =  -  24  x  2/12  =  -  4  V 

It  should  be  noted  that  point  B  is  at  negative  potential  with  respect 
to  the  ground. 

Current  flows  from  A  to  B  i.e.  from  a  point  at  a  higher  potential  to  a 
point  at  a  lower  potential. 

Example  1 .53.  Calculate  the  potentials  of  point  A.  B.  C  and  D  in  Fig.  1. 92.  What  would  he  the 
new  potential  values  if  connections  of  6-V  battery  are  reversed  ?  All  resistances  are  in  ohm. 

Solution.  Since  the  two  batteries  are  connected  in  additive  series,  total  voltage  around  the 
circuit  is  =  12  =  6  =  18  V.  The  drops  across  the  three  resistors  as  found  by  the  voltage  divider  rule  as 
shown  in  Fig.  1.92  (a)  which  also  indicates  their  proper  polarities.  The  potential  of  any  point  in  the 
circuit  can  be  found  by  starting  from  the  ground  point  G  (assumed  to  be  at  OVj  and  going  to  the  point 
either  in  clockwise  direction  or  counter-clockwise  direction.  While  going  around  the  circuit,  the  rise 
in  potential  would  be  taken  as  positive  and  the  fall  in  potential  as  negative.  (Art.  2.3).  Suppose  we 
start  from  point  G  and  proceed  in  the  clockwise  direction  to  point  A.  The  only  potential  met  on  the 
way  is  the  battery  voltage  which  is  taken  as  positive  because  there  is  a  rise  of  potential  since  we  are 
going  from  its  negative  to  positive  terminal.  Hence.  VA  is  +  12  V. 

VB  =  12-3  =  9  V;  Vc=  12-3-6  =  3  V 

Similarly,  VD  =  12  -  3  -  6  -  9  =  -  6  V. 

It  is  also  obvious  that  point  D  must  be  at  -  6  V  because  it  is  directly  connected  to  the  r^eauve 
terminal  of  the  6-V  battery. 

We  would  also  find  the  potentials  of  various  points  by  starting  from  point  G  and  going  in  the 
counter-clockwise  direction.  For  example.  VB  =  -6  +  9  +  6  =  9Vas  before. 


Fig.  1.92 
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The  connections  of  the  6  —  V  battery  have  been  reversed  in  Fig.  1 ,92  (b).  Now,  the  net  voltage 
around  the  circuit  is  1 2  -  6  =  6  V.  The  drop  over  the  1  Q  resistor  is  =  6  x  l/(  I  +  2  +  3)  =  1  V;  Drop 
over  2  Q  resistor  is  =  6  x  2/6  =  2  V.  Obviously,  V„  =  +  12  V.  VB  «  12  -  1  =  II  V,  Vc  =  12  -  1  -  2 
=  9  V.  Similarly,  VD=l2-l-2-3  =  +  6V. 

Example  1.54.   Using  minimum  number  of  components,  design  a  voltage  divider  which  can 


100mA 


deliver  1  W  at  100  V.  2  IV  at  -  50  V  ami 
1.6  W  at  -  HO  V.  The  voltage  source  has 
an  internal  resistance  of  200  £1  and  utn- 
plies  a  current  of  100  m.A.  What  is  the 
open-circuit  voltage  of  the  voltage  source  ? 
All  resistances  are  in  ohm. 

Solution.  From  the  given  load  condi- 
tions, the  load  currents  are  as  follows  : 
!u  =  1/100=  10  mA, 
tu  =  2/50  =  40  mA, 
Iu  =  1.6/80  =  20  mA 
For  economising  the  number  of  com- 
ponents, the  internal  resistance  of  200  £2 
can  be  used  as  the  series  dropping  resis- 
tance. The  suitable  circuit  and  the  ground 
connection  are  shown  in  Fig.  1 .93. 

Applying  Kirchhoff  s  laws  to  the  closed  circuit  ABCDA.  we  have 
V-200x  lOOx  10"3-  100-80  =  0   or  V=200V 


80  V 


-80  V 


ft,  =  100  V/90mA  =  l.ll  k£2 


'3  = 


=  100-  10  =  90  mA 

100  -  20  =  80  rnA:  voltage  drop  across  ft,  =  -  50  -  (-  80)  =  30  V 


/2  +  40  =  80 


=  30  V780  mA  =  375  £1 

l2  =  40  mA;  ft2  =  50  V/40  mA  =  1.25  k£2 
Example  J. 55.  Fig.  1.94  shows  a  transistor  with  proper  volt- 
ages  established  across  its  base,  collector  are  emitter  for  proper  func- 
tion. Assume  that  there  is  a  voltage  drop  V8E  across  the  base-emitter 
junction  of  0.6  V  and  collector  current  lc  is  equal  to  collector  current 
IF  Calculate  (a)  V,  (b)  V2  and  VB  fcj  V,  and  VE  fd)  tF  and  lc (e)  V}  (J) 
Vc  (R)  ^ce-  AM  resistances  are  given  in  kilo-ohm. 

Solution.  (a)  The  250  k  and  50  k  resistors  form  a  voltage-di- 
vider bias  network  across  20  V  supply. 


<j>20  V 


v\  >250 


,*,  V,  =  20x250/300  =  16.7  V 

(b)  V,  =20-  16.7=33  V 

The  voltage  of  point  B  with  respect  to  ground  is  V-,  =  33  V 

(c)  VE  =  V2  -  VBE  =  3.3  -  0.6  =  2.7  V.  Also  V4  =2.7  V 

(d)  IE  =  V/2  =  2.7  V/2  k  =  1.35  mA.  It  also  equals  lc. 

(e)  Vy  =  drop  across  collector  resistor  =  1 .35  mA  x  8  k  =  10.8  V 
{f)  Potential  of  point  C  is  Vc  =  20  -  10.8  =92  V 


so 


K§  50 


(g) 


Vf  =  9.2 


2.7=6.5  V 


Fig.  1.94 


lulorial  Problems  No.  1.5 

I,    Find  the  relative  potentials  (/)  V^,  (»)  V^-  [Hi)  VBD  and  0v)  VAC  in  Fig. 


.95. 


[(1)  10  V  (it)  -  20  V  {Hi)  10  V  (if )  -  30  V] 
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2.  Calculate  the  relative  potential  of  point  A  with  respect  to  that  to  B  in  Fig.  1.96. 
C 


r — 

-=no  v 


I 


•20  V 


:2ov 

£> 

:io  v 


Fig.  1.95  Fig.  1.96 

3.  Give  the  magnitude  and  polarity  of  the  following  voltages  in  the  circuit  of  Fig.  1.97  (i)  Vt  {«)  V2 
(Hi)  Vi  (tv)  V3  _  j  (v)  V,  _  ,  (W)  V,  _  3.  |-  75  V,  -  50  V,  125  V.  175  V,  -  25  V,  -  200  V| 

4.  Fig.  1 .98  shows  the  equivalent  circuit  of  a  digital-to-analog  (D/A)  converter.  What  is  the  value  of  the 
output  voltage  V  ? 


O- 


Fig.  1.97 


Fig.  1.98 
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1 .  A  good  electric  conductor  is  one  that 
(a)  has  low  conductance 

lb)    is  always  made  of  copper  wire 

(c)  produces  a  minimum  voltage  drop 

(d)  has  few  free  electrons 

2.  Two  wires  A  and  B  have  the  same  cross-sec- 
tion and  are  made  of  the  same  material.  A' ,  = 
600  il  and  RB  =  100  Q,  The  number  of  ti  mes 
■1  is  longer  than  B  is 

(a)  6  (b)  2 

(c)  4  id)  5 

3.  A  coil  has  a  resistance  of  100  £1  at  90°C.  At 
100°C,  its  resistance  is  101  CL  The  tempera- 
ture coefficient  of  the  wire  at  90aC  is 

(a)    0.01  ib)  0.1 

(c)  0.001  id)  0.001 

4.  Which  of  the  following  material  has  nearly 
zero  temperature-coefficient  of  resistance  ? 
(a)  carbon  (b)  porcelain 


(c)  copper  (d)  manganin 

5.  Which  of  the  following  material  has  a  nega- 
tive temperature  coefficient  of  resistance  ? 
(a)  brass  (b)  copper 

(c)  aluminium  (d)  carbon 
A.  A  cylindrical  wire.  1  m  in  length,  has  a  resis- 
tance of  100  £1.  What  would  be  the  resis- 
tance of  a  wire  made  from  the  same  material 
if  both  the  length  and  the  cross-sectional  area 
arc  doubled  ? 

(a)  200  n       r»  400  n 

(c)    100  n  (d)  50  £1 

7.  Carbon  composition  resistors  are  most  popu- 
lar because  they 

(a)  cost  the  least 

(b)  are  smaller 

(c)  can  withstand  overloads 

(d)  do  not  produce  electric  noise 
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8.  A  unique  Feature  of  a  wire-wound  resistor  is 
its 

ia)  low  power  rating 

(b)  low  cost 

(c)  high  stability 
id)  small  size 

*i.  If,  in  Fig.  1.99.  resistor  R2  becomes  open- 
circuited,  the  reading  of  the  voltmeter  will 
become 

ia)  zero  (b)   150  V 

(c)   50  V  {d)  200  V 


i — WN-MAAr- 
20  20 


R3  K 
-AW — 
20  20 


200  V  

Fig.  I;*S 

10.  Whatever  the  battery  voltage  in  Fig.  1. 100,  it 
is  certain  that  smallest  current  will  flow  in 

the  resistance  of  ohm. 

(a)  300  (b)  500 

(r)   200  (d)  100 

300 
 W  


500 
r— WA- 


200 


I  F 


Fig.  l.ioo 

11.  Which  of  me  following  statement  is  TRUE 
both  for  a  series  and  a  parallel  d.c.  circuit  1 
{a)   powers  are  additive 

(b)  voltages  arc  additive 

(c)  currents  are  additive 

(ef)  elements  have  individual  currents 

12.  The  positive  terminal  of  a  6-V  battery  is  con- 
nected to  the  negative  terminal  of  a  12-V 
battery  whose  positive  terminal  is  grounded. 
The  potential  at  the  negative  terminal  of  the 
6-V  batterv  is-volt. 


14 


(a)  +18  Wi  -  12 

(r)  -  12  (d)  +  12 

In  the  above  question,  the  potential  at  the 

positive  terminal  of  the  6-V  battery  is  volt. 

(a)    +6  ih)  -6 

(c)  -  12  UD  +  12 

A  100-W,  1 10- V  and  a  50- W,  1 10-V  lamps 
are  connected  in  series  across  a  220- V  d.c. 
source.  If  the  resistance  of  the  two  lamps  are 
assumed  to  remain  constant,  the  voltage 
across  the  100-W  lamp  is  ....volt, 
let)   110  {b)  73.3 

(c)    146.7  id)  220 

15.  In  the  parallel  circuit  of  Fig.  1. 10 1,  the  value 
of  Vt)  is  volt. 

(a)   12  (b)  24 

(c)  0  id)  -  12 

? 

AW  1  OV0 


17. 


t  12V 


±\2  V 


Fig.  LIU 

16.  In  the  series  circuit  of  Fig.  1.102.  the  value 

of  Vn  is  volt. 

[a)   12  f»  -\1 

(c)   0  {d)  6 

2 


-NW- 


t  12V 


Fig.  1.102 

In  Fig.  1.103,  there  is  a  drop  of  20  V  on  each 
resistor.  The  potential  of  point  A  would  be 
....volt. 
ia)  +80 

(b)  -40 

(c)  +40 
id)  -80 


Electric  Current  and  Ohm 's  Law 


47 


B 


-  80  V 


D  ¥¥V  C 

Fig.  1.103 

18.  From  the  voltmeter  reading  of  Fig.  1.104,  it 
is  obvious  that 

{a)  3  ft  resistor  is  short-circuited 
(b)  6  ft  resistor  is  short-circuited 
ir)   nothing  is  wrong  with  the  circuit 
id)  3  ft  resistor  is  open-circuited 


Fig.  1.104 

19.  With  reference  to  Fig.  1.105.  which  of  the 
following  statement  is  true  ? 

(a)  E  and  R ,  form  a  series  circuit 

(b)  R,  is  in  series  with  /?, 

ie) 
Id) 


Rt  is  in  series  with 
there  is  no  series  circuit 


Fig.  1.105 


20. 


Which  of  the  following  statements  is  correct 
concerning  the  circuit  of  Fig.  1.106. 
(a)   R ,  and  R-  form  a  series  path 
£  is  in  series  with  /?, 
R{  is  in  parallel  with  /?- 


m 

(C) 
u/l 


A,.  R-,  and     form  a  series  circuit. 


Fig.  1.106 

21.  What  is  the  equivalent  resistance  in  ohms 
between  points  A  and  B  of  Fig.  1.107  ?  All 
resistances  are  in  ohms. 

(a)  12 

ib)  14.4 

<c)  22 

id)  2 


Fig.  1.107 
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DC  NETWORK  THEOREMS 


2.1.  Electric  Circuits  and  Network  Theorems 

There  are  certain  theorems,  which  when  applied  to  the  solutions  of  electric  networks,  wither 
simplify  the  network  itself  or  render  their  analytical  solution  very  easy.  These  theorems  can  also  be 
applied  to  an  a.c.  system,  with  the  only  difference  that  impedances  replace  the  ohmic  resistance  of 
d.c.  system.  Different  electric  circuits  (according  to  their  properties)  are  difined  below  : 

1.  Circuit.  A  circuit  is  a  closed  conducting  path  through  which  an  electric  current  either 
flows  or  is  inteneded  flow. 

2.  Parameters.  The  various  elements  of  an  electric  circuit  are  called  its  parameters  like  resis- 
tance, inductance  and  capacitance.  These  parameters  may  be  lumped  or  distributed. 

3.  Liner  Circuit.  A  linear  circuit  is  one  whose  parameters  are  constant  i.e.  they  do  not  change 
with  voltage  or  current. 

4.  Non-linear  Circuit.  It  is  that  circuit  whose  parameters  change  with  voltage  or  current. 

5.  Bilateral  Circuit.  A  bilateral  circuit  is  one  whose  properties  or  characteristics  are  the  same 
in  either  direction.  The  usual  transmission  line  is  bilateral,  because  it  can  be  made  to  per- 
form its  function  equally  well  in  either  direction. 

6.  Unilateral  Circuit.  It  is  that  circuit  whose  properties  or  characteristics  change  with  the 
direction  of  its  operation.  A  diode  rectifier  is  a  unilateral  circuit,  because  it  cannot  perform 
rectification  in  both  directions. 

7.  Electric  Network.  A  combination  of  various  electric  elements,  connected  in  any  manner 
whatsoever,  is  called  an  electric  network. 

8.  Passive  Network  is  one  which  contains  no  source  of  e.m.f.  in  it. 

9.  Active  Network  is  one  which  contains  one  or  more  than  one  source  of  e.m.f. 

10.  Node  is  a  junction  in  a  circuit  where  two  or  more  circuit  elements  are  connected  together. 

1 1 .  Branch  is  that  part  of  a  network  which  lies  between  two  juncions. 

1 2  Loop.  It  is  a  close  path  in  a  circuit  in  which  no  element  or  node  is  encountered  more  than 
once. 

1 3.   Mesh.  It  is  a  loop  that  contains  no  other  loop  within  it.  For  example,  the  circuit  of  Fig.  2.1 
(a)  has  even  branches,  six  nodes,  three  loops  and  two  meshes  whereas  the  circuit  of  Fig. 
2.1  (6)  has  four  branches,  two  nodes,  six  loops  and  three  meshes. 
It  should  be  noted  that,  unless  stated  otherwise,  an  electric  network  would  be  assumed  passive 
in  the  following  treatment. 

We  will  now  discuss  the  various  network  theorems  which  are  of  great  help  in  solving  compli- 
cated networks.  Incidentally,  a  network  is  said  to  be  completely  solved  or  analyzed  when  all  volt- 
ages and  all  currents  in  its  different  elements  are  determined. 


4S 


DC  Network  Theorems 


JVW1- 


4'J 


Fig.  2.1 


There  are  two  general  approaches  to  network  analysis  : 
(0   Dired  Method 

Here,  the  network  is  left  in  its  original  form  while  determining  its  different  voltages  and  cur- 
rents. Such  methods  are  usually  restricted  to  fairly  simple  circuits  and  include  Kirchhoff  s  laws, 
Loop  analysis.  Nodal  analysis,  superposition  theorem.  Compensation  theorem  and  Reciprocity  theo- 
rem etc. 

(«)  Network  Reduction  Method 

Here,  the  original  network  is  converted  into  a  much  simpler  equivalent  circuit  for  rapid  calcula- 
tion of  different  quantities.  This  method  can  be  applied  to  simple  as  well  as  complicated  networks. 
Examples  of  this  method  are  :  Delta/Star  and  Star/Delta  conversions.  Thevenin's  theorem  and 
Norton's  Theorem  etc. 

22.  KirchhofTs  Laws  * 

These  laws  are  more  comprehensive  than  Ohm's  law  and  are  used  for  solving  electrical  net- 
works which  may  not  be  redily  solved  by  the  latter.  Kirchhoff  s  laws,  two  in  number,  are  particu- 
larly useful  (a)  in  determining  the  equivalent  resistance  of  a  complicated  network  of  conductors  and 
(b)  for  calculating  the  currents  flowing  in  the  various  conductors.  The  two-laws  are  : 

I.    KirchhofTs  Point  Law  or  Current  Law  (KCL) 

It  states  as  follows  : 

in  any  electrical  network,  the  algebraic  sum  of  the  currents  meeting  at  a  point  (or  junction)  is 
zero. 

Put  in  another  way,  it  simply  means  that  the  total  current  leaving  a  juncion  is  equal  to  the  total 
current  entering  that  junction.  It  is  obviously  true  because  there  is  no  accumulation  of  charge  at  the 
junction  of  the  network.  ' 

Consider  the  case  of  a  few  conductors  meeting  at  a  point  A  as  in  Fig.  2.2  (a).  Some  conductors 
have  currents  leading  to  point  A,  whereas  some  have  currents  leading  away  from  point  .4.  Assuming 
the  incoming  currents  to  be  positive  and  the  outgoing  currents  negative,  we  have 

/,  +  (-  /,)  +  (-  /3)  +  (+  /4)  +  (-  /5)  =  0 

or  /|  +  I4  - 12  -  /3  —  75  =  0    or   /j  +  /4  =  /2  +  /j  +  /5 

or  incoming  currents  =  outgoing  currents 

Similarly,  in  Fig.  2.2  (b)  for  node  A 

+  /+(-/,)  +  (-/2)  +  (-/,)  +  (-/4)  =  0    or   /=/,+/,  +  /,  +  l4 

We  can  express  the  above  conclusion  thus  :    1.1=0  ....at  a  junction 


After  Gustave  Robert  Kirchhoff  ( 1824  -  1887).  an  outstanding  German  Physicist. 
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(a)  (b) 
Fig.  2^ 

i.    KirchhofTs  Mesh  Lav  or  Voltage  law  (KVL) 
li  states  as  follows  : 

the  algebraic  sum  of  the  product!,  of  currents  ami  resistances  in  each  of  the  conductors  in  any 
dosed  path  (or  mesh)  in  a  network  plus  the  algebraic  sum  of  the  e.m.fs.  in  that  path  is  :ero. 

In  other  words.       I IR  +  I  e.ntf.  =  0  ...round  a  mesh 

It  should  be  noted  that  algebraic  sum  is  the  sum  which  takes  into  account  the  polarities  of  the 
voltage  drops. 

The  basis  of  this  law  is  this  :  If  we  start  from  a  particular  junction  and  go  round  the  mesh  till  we 
come  back  to  the  starting  point,  then  we  must  be  at  the  same  potential  with  which  we  started.  Hence, 
it  means  that  all  the  sources  of  e.m.f.  met  on  the  way  must  necessarily  be  equal  to  the  voltage  drops 
in  the  resistances,  every  voltage  being  given  its  proper  sign,  plus  or  minus. 

2.3.  Determfoatkm  of  Voltage  Sign 

In  applying  Kirchhofrs  laws  to  specific  problems,  particular  attention  should  be  paid  to  the 
algebraic  signs  of  voltage  drops  and  e.m.fs..  otherwise  results  will  come  out  to  be  wrong.  Following 
sign  conventions  is  suggested  : 

<<;)  Sign  of  Battery  E.M.F. 

A  rise  in  voltage  should  be  given  a  +  ve  sign  and  a  fall  in  voltage  a  -ve  sign.  Keeping  this  in 
mind,  it  is  clear  that  as  we  go  from  the  -ve  terminal  of  a  battery  to  its  +ve  terminal  (Fig.  2.3),  there 
is  a  rise  in  potential,  hence  this  voltage  should  be  given  a  +  ve  sign.  If,  on  the  other  hand,  we  go  from 
+ve  terminal  to  -ve  terminal,  then  there  is  a  fall  in  potential,  hence  this  voltage  should  be  preceded 
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by  a  -ve  sign.  //  is  important  to  note  that  the  sign  of  the  batten-  e.m.f  is  independent  of  the  direction 
of  the  current  through  thai  branch. 
< /> )  Sign  of  IR  Drop 

Now.  take  the  case  of  a  resistor  (Fig.  2.4).  If  we  go  through  a  resistor  in  the  same  direction  as  the 
current,  then  ther  is  a  fall  in  potential  because  current  flows  from  a  higher  to  a  lower  potential. 
Hence,  this  voltage  fall  should  be  taken  -ve.  However,  if  we  go  in  a  direction  opposite  to  that  of  the 
current,  then  there  is  a  rise  in  voltage.  Hence,  this  voltage  rise  should  be  given  a  positive  sign. 

//  is  clear  that  the  sign  of  voltage  drop  across  a  resistor  depends  em  the  direction  of  current 
through  thai  resistor  but  is  independent  of  the  polarity  of  any  other  source  of  e.m.f.  in  the  circuit 
under  consideration. 
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Consider  the  closed  path  ABCDA  in  Fig.  2.5.  As  we  travel  around  the  mesh  in  the  clockwise 
direction,  different  voltage  drops  will  have  the  follwing  signs  : 


is 

—  ve 

(fall  in  potential) 

is 

—  ve 

(fall  in  potential) 

+  ve 

(rise  in  potential) 

IS 

—  ve 

(fall  in  potential) 

is 

-  ve 

(fall  in  potential) 

E. 

is 

+  ve 

(rise  in  potential) 

1, 


Using  Kirchhoff  s  voltage  law,  we  get 

/,/?,-  /.,/f,  -  /j/fj  -  l4R4  -  £,  +  E,  =  0 


or  +  /-,/?-,  -  /_,/?,  +  /4fi4  =  £,-£, 

2.4.  Assumed  Direction  of  Current 


'D 


-AMAA  

Fig.  2.5 


In  applying  Kirchhoff  s  laws  to  electrical  networks,  the  question  of  assuming  proper  direction 
of  current  usually  arises.  The  direction  of  current  flow  may  be  assumed  either  clockwise  or 
anticlockwise.  If  the  assumed  direction  of  current  is  not  the  actual  direction,  then  on  solving  the 
quesiton,  this  current  will  be  found  to  have  a  minus  sign.  If  the  answer  is  positive,  then  assumed 
direction  is  the  same  as  actual  direction  (Example  2.10).  However,  the  important  point  is  thai  once 
a  particular  direction  has  been  assumed,  the  same  should  be  used  throughout  the  solution  of  the 
question. 

Note.  It  should  be  noted  that  Kirchhoffs  laws  are  applicable  both  to  Ac.  and  a.c.  voltages  and 
currents.  However,  in  the  case  of  alternating  currents  and  voltages,  any  e.m.f.  of  self-inductance  or 
that  existing  across  a  capacitor  should  be  also  taken  into  account  (See  Example  2.14). 

2.5.  Solving  Simultaneous  Fquations 

Electric  circuit  analysis  with  the  help  of  Kirchhoff  s  laws  usually  involves  solution  of  two  or 
three  simultaneous  equations.  These  equations  can  be  solved  by  a  systematic  elimination  of  the 
variables  but  the  procedure  is  often  lengthy  and  laborious  and  hence  more  liable  to  error.  Determi- 
nants and  Cramer's  rule  provide  a  simple  and  straight  method  for  solving  network  equations  through 
manipulation  of  their  coefficients.  Of  course,  if  the  number  of  simultaneous  equaitons  happens  to  be 
very  large,  use  of  a  digital  computer  can  make  the  task  easy. 

2.6.  Determinants 


The  symbol 


is  called  a  determinant  of  the  second  order  (or  2  x  2  determinant)  because 


it  contains  two  rows  (ab  and  cd)  and  two  columns  (ac  and  bd).  The  numbers  a.  b,  c  and  d  are  called 
the  elements  or  constituents  of  the  determinant.  Their  number  in  the  present  case  is  2'  ■  4. 

The  evaluation  of  such  a  determinant  is  accomplished  by  cross-multiplicailon  is  illustrated 
below  : 


A  e 


a  b 

x, 

c  a 


■  ad  -  be 


The  above  result  for  a  second  order  determinant  can  be  remembered  as 
upper  left  times  lower  right  minus  upper  right  times  lower  left 

b, 

represents  a  third-order  determinant  having  3"  =  9  elements.  It  may 


The  svmbol 


fli  °i  c, 
a?    b-,  C-, 

a3    by  c} 
be  evaluated  (or  expanded)  as  under 
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I,  Multiply  each  element  of  the  first  row  (or  alternatively,  first  column)  by  a  determinant 
obtained  by  omitting  the  row  and  column  in  which  it  occurs.  (It  is  called  minor  determinant 
or  just  minor  as  shown  in  Fig.  2.6). 


Minor  of  a. 


Minor  of  a. 


Minor  of  a, 


Fig.  2.6 

2.  Prefix  +  and  -  sing  alternately  to  the  terms  so  obtained. 

3.  Add  up  all  these  terms  together  to  get  the  value  of  the  given  determinant. 
Considering  the  first  column,  minors  of  various  elements  are  as  shown  in  Fig.  2.6. 
Expanding  in  terms  of  first  column,  we  get 


A  =  fl| 


&2  £*i 


+  a. 


=  a,  (62c3  -  fc3c2)  -  a2  (btc3  -  b^c ,)  +  a3  (6,c2  -  £>2c,) 
Expanding  in  terms  of  the  first  row,  we  get 


A  =  a, 


a-, 


+  c, 


which  will  be  found  to  be  the  same  as  above. 


Example  2.1.  Evaluate  the  determinant 


7 
-3 
-4 


3 
6 


-4 
_  2 
fl 


Solution.  We  will  expand  with  the  help  of  2st  column. 


D  =  7 


6 


-  2 
1! 


(-3) 


-  -I 
1 1 


+  (-4) 


-3  -4 
6  -2 


=  1  |(6x  11) -(-2  x-2)]  +  3  f(-3x  ll)-(-4x-2)]-4[K-3x-2)-(-4x6)] 
=  7  (66  -  4)  +  3  <-  33  -  8)  -  4  (6  +  24)  =  191 

2.7.  Solving  Equation*  with  Two  Unknowns 

Suppose  the  two  given  simultaneous  equations  are 
ax  +  by  -  c 
dx  +  ey  =  / 

Here,  the  two  unknown  are  x  and  y,  a,  b,  d  and  e  are  coefficients  of  these  unknowns  whereas  c 
and  /  are  constants.  The  procedure  for  solving  these  equations  by  the  method  of  determinants  is  as 
follows  : 

1 .  Write  the  two  equations  in  the  matrix  form  as 


2  WS[ 
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2.  The  common  determinant  is  givne  as 

3.  For  finding  the  determinant  for  x,  replace  the 
coefficients  of  x  in  the  original  matrix  by  the 
constants  so  that  we  get  determinant  A,  given  by 

4.  For  find  the  determinant  for  y,  replace  coefficients 
of  y  by  the  constants  so  that  we  get 

5.  Apply  Cramer's  rule  to  get  the  value  of  x  and  y 

A.     ce  -  bf  A,     af  -  cd 

x  =  — 1  =  —  and  v  =  —  =  —  

A     ae-bd        '      A  ae-bd 
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A  = 


a  b 
d  e 

rcn  b 


=  ae  -  bd 


-  (ce  -  bf) 


i 


A- 


*  /I 


=  (af-  cd) 


4  -3 
3  -5 


Example  2.2.  Solve  the  fallowing  two  simultaneous  equations  by  the  method  of  'determinants 
■ft,  -  3it  =  1 
Jit  -  5i:  =  2 

Solution.  The  matrix  form  of  the  equations  is 

A 

A, 
A, 


4  -3 

3  -5 

1  -3 

2  -5 


4  I 

3  2 


=  (4x-5)-(-3x3)  =  -l! 
=  (1  x  -  5}  -  (  -  3x  2)  =  I 
=  (4x2)  -(1x3)  =  5 


A  -11 


11 


A"> 


_5_ 
11 


2.8.  Solving  Equations  With  Thrif  Unknowns 

Let  the  three  simultaneous  equaitons  be  as  under : 
ax  +  by  +  cz  =  d 
ex  +fy  +  gz  =  h 
jx  +  ky  +  lz  =  m 
The  above  equations  can  be  put  in  the  matrix  form  as  under 


a 

h 

c 

V 

~d~ 

e 

f 

g 

y 

h 

J 

k 

I 

m 

The  value  of  common  determinant  is  givne  by 

a    b  c 
A  =     e    f  g 
j   k  I 

The  determinant  for  x  can  be  found  by  replacing  coefficients  of  x  in  the  original  matrix  by  the 


=  n  (ft  -  gk) -e(M- ck)  +  j(bg  -  vf  ) 


constants. 


d  b  c 
h  f  g 
ml  I 

Similarly,  determinant  for  y  is  given  by  replacing  coefficients  of  y  with  the  three  constants. 

I  a  d  c 
\e    k  g 


A,  = 


m 


=  d(ft  -  gk)-  b  (bl  -  ck )  +  m(bg  -  cf) 


=a  (hi  -  mg)  —  e(dl-  mc)  +  j  (dg  -  he) 
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In  the  same  way,  determinant  for  z  is  given  by 

a    b  d 
A,  =     e    f  h 
j    k  m 


-aifln- hk)  -e(bm-  dk)  +  j  (bh  -  df ) 


As  per  Cramer's  rule 

Example 

Carmer's  rule 


A|       _  A,     _  A3 

*  =  a"'  v  =  X's=  a" 

Example  23.  Solve  the  following  three  simultaneous  equations  by  the  use  of  determinants  and 


i,  +  2/,  <M.  =  7 


Solution.  As  explained  earlier,  the  above  equations  can  be  written  in  the  form 


1    3  4 

1  2  1 

2  1  2 


A  = 


A,  = 


A,  = 


A,  = 


t  3  4 

1  2  I 

2  I  2 

14  3  4" 

7  2  I 

2  1  2 

I  14  4" 

1  7  1 

2  2  2 

1  3  14 

1  2  7 

2  1  2 


1(4  -  1)  -  I  (6  -  4 )  +  (3  -  8)  =  -  9 
=  14  (4  -  1)  -  7  (6  -  4)  +  2(3  -  8)  =  1 8 
=  1  (14  -  2)  -  1  (28  -  8)  +  2  (14  -  28)  =  -  36 
=  1  (4  -  7)  -  1  (6  -  14)  +  2  (21  -  28;  =  -  9 


According  to  Cramer's  rule. 


18 


.     A,    -36  .     A,  -9 

1,  =  -!■  =  —  =-  2.\  i„=-^=— =  4A;  h=-r=  1A 
1        A    -9  A      A  A  -9 

Example  2.4.  What  is  the  voltage  Vt  across  the  open  switch  in  the  circuit  of  Fig-  2.7  ' 

Solution.  We  will  apply  KVL  to  find  V(.  Starting  from  point  A  in  the  clockwise  direction  and 
using  the  sign  convention  given  in  Art.  2.3,  we  have 


50  V 

I — 


30  V 
— I  I- 


"I6A 


.20  V 


6- 


40  V 


10  V 
h- 


i-r- 


Fiji-  2.7 


Fin.  2.8 


+VS  +  10  -  20  -  50  +  30 


V  =  30  V 

s 
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Example  2.5.  Find  the  unknown  voltage  V,  in  the  circuit  oj  Fig.  2.H. 

Solution.  Initially,  one  may  not  be  clear  regarding  the  solution  of  this  question.  One  may  think 
of  Kirchhoffs  laws  or  mesh  analysis  etc.  But  a  little  thought  will  show  that  the  question  can  be 
solved  by  the  simple  application  of  Kirchhoff  s  voltage  law.  Taking  the  outer  closed  loop  ABCDEFA 
and  applying  KVL  to  it,  we  gel 


16x3-4x  2  +  40- V.m  0; 


V,  =-16  V 


The  negative  sign  shows  there  is  a  fall  in  potential. 

Example  2.6.  Using  Kin-huffs  Current  Imw  ttnd  Ohm's  Low.  find  the  magnitude  and  oolarit\ 

I, 


ofvoltge  V  in  Fig.  2.9(a).  Directions 
of  the  two  current  sources  are  as 
shown. 

Solution.  Let  us  arbitrarily 
choose  the  directions  of  /.,  /,  and  !■* 
and  polarity  of  V  as  shown  in  Fig. 
2,9. (b).  We  will  use  the  sign  conven- 
tion for  currents  as  given  in  Art.  2.3. 
Applying  KCL  to  node  A,  we  have 

-/,  +  30  +  /,-/,-  8  =  0 

or  7,-72  +  /3  =  22 

Applying  Ohm's  law  to  the  three  resistive  branches  in  Fig.  2.9  {h),  we  have 


Fig.  2.9 


...(/:> 


Y-  L  =  V  1  m~V 


(Please  note  the  —  ve  sign.) 


Substituting  these  values  in  (/)  above,  we  get 


-V 
6 


,  V 

+  7    =  22 


or    V  =  24  V 


VI2  =  24/2  =  12  A,  /,  =  -  24/6  =  -  4  A,  /,  =  24/4  =  6  A 


The  negative  sign  of  L  indicates  that  actual  direction  of  its  flow  is  opposite  to  that  show  in  Fig. 
2.9  (h).  Actually,  /-,,  flows  from  A  to  B  and  not  from  B  to  A  as  shown. 

Incidentally,  it  may  be  noted  that  all  currents  are  outgoing  except  30A  which  is  an  incoming 
current. 

Example  2.7.  For  the  circuit  shown  in  Fig.  2. 10,  find  Vcl-  and  VAG. 

(F.Y.  Engg.  Punt'  Univ.  May  1988) 

Solution.  Consider  the  two  battery  circuits  of  Fig.  2.10  separately.  Current  in  the  20  V  battery 
circuit  ABCD  is  20  (.6  +  5  +  9)  =  I  A.  Similarly, 
current  in  the  40  V  battery  eurcuit  EFGH  is  =  A_ 
40/<5  +  8  +  7)=  2  A.  Voltage  drops  over  differ- 
ent resistors  can  be  found  by  using  Ohm's  law. 

For  finding  VCEi.e.  voltage  of  point  Cwith 
respect  to  point  E,  we  will  start  from  point  E 
and  go  to  C  via  points  H  and  B.  We  will  find 
the  algebraic  sum  of  the  voltage  drops  met  on 
the  way  from  point  E  to  C.  Sign  convention  of 
the  voltage  drops  and  battery  e  m. Is.  would  be 
the  same  as  discussed  in  Art.  2.3. 


Fig.  2.10 
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5  x  1  =  -  5V 

The  negative  sign  shows  that  point  C  is  negative  with  respect  to  point  £. 


VCE  =  -  5x2+10 


VAC  =  7x2  +  10  =  6x  1  »  30  V. 
The  positive  sign  shows  that  point  A  is  at  a  positive  potential  of  30  V  with  respect  to  point  G. 
Example  2.8.  Determine  the  current*  in  the  unbalanced  bridge  circuit  of  Fig.  2.11  below.  Also, 
determine  the  [>.d.  across  til)  and  the  resistance  from  B  to  D. 

Solution.  Assumed  current  directions  are  as  shown  in  Fig. 

2.11. 

Applying  KirchhofF s  Second  Law  to  circuit  DACD.  we  get 

-x-4z  +  2y*0orx-2y  +  4z  =  0  „.(t) 
Circuit  ABCA  gives 

-  2(*  -  z)  +  3  (y  +  z)  +  4z  =  0or2x-3y-9z  =  0...(2) 
Circuit  DABED  gives 

— x  -  2(x  -  z)  -  2  (jr  +  v)  +  2  =  0  or  5x  +  2y  -  2z  =  2  ...(3) 
Multiplying  ( I )  by  2  and  subtracting  (2)  from  it,  we  get 
-y*  172  =  0  ...(4) 
Similarly,  multiplying  (I)  by  5  and  subtracilng  (3)  from  it, 
we  have 

-I2y  +  22z  a  -2    or    -6y+llz  =  -l 
Eliminating  y  from  (4)  and  (5),  we  have  9\z  ~  1  or  z  =  1/91  A 
From  (4):  y  =  17/91  A.  Pulling  these  values  of  y  and  z  in  (1),  we  get  x  =  30/91  A 
Current  in  DA  =  a :  =  30/91  A  Current  in  DC  =  v  =  17/91  A 


(5) 


Current  in 

AB  = 

X  -  z 

_30 
91 

1 

91 

2\x 

91 

Current  in 

CB  = 

y  +  z 

_  17 
91 

18  . 
91 

Current  in  external  circuit 

x  +  y 

_30 
91 

91  A 

Current  in  AC  =  z  =  1/91  A 
Internal  voltage  drop  in  the  cell  ■  2(*  4  y)  =  2  x  47/91  =  94/91  V 


P.D.  across  points  D  and  B  =  2  -  — 

V  I 


94     88  y 


91 


1.87fi(approx) 


Equivalent  resistance  of  the  bridge  between  points  D  and  B 
p.d.  between  points  B  and  D    _  88/91  _  88 
current  between  points  S  and  />    47/91  47 

Solution  By  Determinants 

The  matrix  from  die  three  simultaneous  equaitons  (1),  (2)  and  (3)  is 

"1-2  4" 

2  -3  -9 
5  2-2 


A  = 


X 

0 

y 

0 

2 

1  -2  4 

2  -3  -9 
5  2-2 


=  1  (6  +  1 8)  -  2  (4  -  8)  +  5  U  8  +  12)  =  182 


ftfli  between  D  and  B  =  drop  across  DC  +  drop  across  CB  =  2  x  17/91  +  3  x  IS/91  =  88/91  V. 
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A,  = 


ii  = 


X  = 


-2  4 
-3  -9 

2  -2 


=  0  (6  + 18)  -  0  (4  -  8)  +  2  (18  +  12)  =  60 


=  2 


1 

0 

4" 

*  1 

-2 

0" 

2 

0 

-9 

=  34,  A,  = 

2 

-3 

0 

5 

2 

-2 

5 

2 

2 

A,=_60  =J0       v=Ji=17  v    ,=_2_=  1 
IB")      41    A*  -  [82 


17  A. 

«>l  182 


A     182    91  182    91      ~    182  91 

Example  2.9.  Determine  the  branch  currents  in  the  network  of  Fig.  2.12  when  the  value  of  em  it 
branch  resistance  is  on  ohm.  (Elect.  Technology.  Allahabad  I'niv.  1992) 

Solution.  Lei  the  current  directions  be  as  shown  in  Fig.  2.12. 
Apply  Kirchhoff  s  Second  law  to  the  closed  circuit  ABDA,  we  gel 

5—  X  —  z+jp  =  0    or   Jt-y  +  z  =  5  ...(/) 
Similarly,  circuit  BCDB  gives 

-  (x  -  z)  +  5  +  (v  +  z)  +  z=  0 
or  x  -  y  -  3;  =  5  ...(«*) 
Lastly,  from  circuit  ADCEA,  we  get 

-y-(y+  ;)+  10 -(.v  +  y)  =  0 
or  x  +  3y  + ;  =  10  ...(«'/) 

From  Eq.  {/')  and  07),  we  get,  z  =  0 

Substituting  ;  =  0  either  in  Eq.  (/)  or  (//)  and  in  Eq.  (Hi), 
we  get 

x-v  =  5  ,..((V) 
.v+3y  =  10  ...(v) 
Subtracting  Eq,  (v)  from  (tv).  we  get 
-4y  =  -5    or    y  =  5/4  =1.24  A 
Eq.  (tvj  gives  *  =  25/4  A  =  6.25  A 
Current  in  branch  AB  -  current  in  branch  BC  =6.25  A 
Current  in  branch  BD  =  0:  current  in  branch  AD  ~  cur- 
rent in  branch  DC  =  1.25  A;  current  in  branch  CEA  ■  6.25  +  1.25  =7.5  A. 

Example  2.10.  Stole  and  explain  Kirchhoff  s  laws.   Determine  the  current  supplied  h\  the 

battery  in  the  circuit  shown  in  Fig.  2.12  A.  (Elect.  Engg.  I,  Bombay  I'niv.  1987) 

i 

Solution.  Let  the  current  distribution  be  as  shown  in  the  figure.  Considering  the  close  circuit 
ABCA  and  applying  Kirchhoff  s  Second  Law,  we  (x+v) 
have 

-  10QX-300Z  +  S0Qy  =  0 
or  x—  5y  +  3;  =  0  ....(/) 
Similarly,  considering  the  closed  loop  BCDB, 

we  have 

-  300;  -  HXXy  +  z)  +  500(.r  -  z)  =  Q 
or  Sjt— y-9z  -  0  ..,(«) 

Taking  the  circuit  ABDEA.  we  get 

-  I OO.v  —  500(.v  -  z)  +  1 00  -  I00(.r  +  y)  =  0 

oi  7.v  +  y-5z  =1  ..,(("(7) 


Fig.  2.12 
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The  value  of  x,  y  and  :  may  be  found  by  sol  ving  the  above  three  simultaneous  equations  or  by 
the  method  of  determinants  as  given  below  : 

Putting  the  above  three  equations  in  the  matrix  form,  we  have 


-5  3 
-1  -9 
1  -5 


X 

0" 

y 

0 

z 

1 

A,  = 


"  1 

-5 

l" 

0 

5 

3" 

5 

-  1 

-9 

=  240,  A, 

0 

1 

-9 

7 

1 

1 

1 

-5 

"  1 

it 

3" 

1 

5 

0" 

5 

0 

-9 

:  24,  A,  = 

5 

1 

0 

=  24 

7 

1 

-5 

7 

1 

1 

=  48 


48.  =  I  Vy  =  ii=  _L. 
240     5     '     240  K> 
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Current  supplied  by  the  battery  is  x  +  y  =  1/5  +  1/10  =  3/10  A 

F.xample  2.11.  Two  batteries  A  and  B  are 
connected  in  parallel  and  load  of  10  Q  is  connected 
across  their  terminals.  A  has  an  e.m.f.  of  12  V  and  an 
internal  resistance  of  2  £2  ;  B  has  an  e.m.f.  of  8  V  and 
an  internal  resistance  of  J  LI.  Use  Kirchhoffs  laws  to 
determine  the  values  and  directions  of  the  currents 
flowing  in  each  of  the  batteries  and  in  the  external 
resistance.  Also  determine  the  potential  difference 
across  the  external  resistance. 

iF.Y.  Fngg,  Pune  Univ.  Ma>  1989) 

Solution.  Applying  KVL  to  the  closed  circuit 
ABCDA  of  Fig.  2. 1 3,  we  get 

-  12  +  2x-ly  +  8  =  0    or    2v-y  =  4 

Similarly,  from  the  closed  circuit  ADCEA.  we  get 

-  8  +  ly  +  10  (.v  +  y)  =  0    or    lO.t  +  I  ly  =  8 

From  Eq,  (/)  and  (#),  we  get 

x  =  1.625  A  and  y  =  -  0.75  A 

The  negative  sign  of  y  shows  thai  the  current  is  flowing  into  the  8-V  battery  and  not  out  of  it.  In 
other  words,  it  is  a  charging  current  and  not  a  discharging  current. 

Current  flowing  in  the  external  resistance  =  x  +  y  =  1 .625  -  0.75  =  0.875  A 
P.D.  across  the  external  resistance  =  10  x  0.875  =  8.75  V 

Note.  To  confirm  the  correctness  of  the  answer,  the  simple  check  is  to  find  the  value  of  the 
external  voltage  available  across  point  A  and  C  with  the  help  of  the  two  parallel  branches.  If  the 
value  of  the  voltage  comes  out  to  be  the  same,  the  the  answer  is  correct,  otherwise  it  is  wrong.  For 
example,  VCBA  =  -  2  x  1.625  +  12  =  8.75  V.  From  the  second  branch  Vcm  =  I  x  0.75  +  8  =  8.75  V. 
Hence,  the  answer  found  above  is  correct. 

Example  2.12.  Determine  the  current  x  in  the  4-tl  resistance  of  the  circuit  shown  in  Fig. 
2.13(A). 

Solution.  The  given  circuit  is  redrawn  with  assumed  distribution  of  currents  in  Fig.  2.13  A  (b). 
Applying  KVL  to  different  closed  loops,  we  get 


DC  fretwork  Theorems 


59 


rv+  6) 


2     (y+z+  6) 
■MAA—  ,B 


(x-y)      (x-y-6)  D 
24V 


AAAA- 


(x-y-z-  6  J 


4 


Fig.  2.13  A 


fW 


Ciraiil  EFADE 

-2y+ lOz +  (*->■ -6)  =  0       or  .v-3y+10z=6 
Circuil  ABCDA 

2(y  +  z  +  6)-  10  +  3  {.v-  y-z-6)-  H)z  =  0  or  3x-5y-  I4z  =  40 
Circuit  EDCGE 

-(*-y-6)-3(x->-2-6)-4t  +  24*0   or   8.t-4y-3z  =  48 
From  above  equations  we  get  x  =4.1  A 


"10  V 

<' 

X 

G 

...f0 
...(//) 
...(in) 


Example  2.13.  Applying  Kirchliojfs  taws  to  different  loops  in  Fig.  2.14,  find  the  values  of  V, 
and  V\.  ,  ^  , , 


Solution.  Starting  from  point  A  and 
applying  KirchhofF s  voltage  law  to  loop 
No.3,  we  get 

-1^3  +  5=0    or    V3  =  5  V 
Starting  from  point  A  and  applying 

KirchhofF  s  voltage  law  to  loop  No.  1,  we  get 
10  -  30  -  V,  +  5  =  0  or  V,  =  - 15  V 
The  negative  sign  of  V,  denotes  that  its 

polarity  is  opposite  to  that  shown  in  the 

figure. 

Starting  from  point  B  in  loop  No.  3,  we 

get 

-<-  15)-V,  +  (-  15)  «0    or    V,  =0 


10  V 


B  1 

+  K 


CD 


+  5  v  - 

Fig.  2.14 


Example  2.14.  In  the  network  of  Fig.  2.15,  the  different  currents  and  voltages  ore  as  under  : 

»,  =  5e~  *  r4  =  3  sin  t  and  Vj  =  4e~ 
Using  KCL.  find  voltage  v  r 

Solution.    According  to  KCL,  the  algebraic  sum  of  the  currents 
meeting  at  juncion  A  is  zero  i.e. 

/,  +  i2  +  i3  +  (-  i4)  =  0 

h  +  h  +  h  -'4  =  0  -if) 
Now.  current  through  a  capacitor  is  givne  by  i  =  C  dvldt 


i3  =  C  — x-  =  2. 4  (4c  *)-~!6f 
dl  dl 


Fig.  2.15 
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Substituting  this  value  in  Eq  (J)  above,  we  get 

i,  +  5e~2'  -  lbe~ 2"  -  3  sin  i  =  0 
or  i,  s=  3  sin  f  +  1  \e 

The  voltage  v,  developed  across  the  coil  is 


-2i 


v.  =  £, -J- =  4.     (3  sin  f  +  ) 

=  4  (3  cos  f  -  22e~ 2')  =  12  cos  /  -  88e~ 


Example  2.15.  In  the  network  shown  in  Fig.  2.16,  y,  =  4V.  v4  =  4  cox  It  and  ij  =  2e 
Detennine  /',.  \ 

Solution.  Applying  KVL  to  closed  mesh  ABCDA,  we  get  v  '" 

-  Vj  -  i'2  +  v3  +  v4  =0 


Now 


v3  =   L^  =  64(2,-"3) 


-  4  -  v;  -  4e  4/3  +  4  cos  2t=  0 
or    v2  =  4  cos  2f  -  4e~"3  -  4 


Now, 


*2  =  C^2-=84-(4cos2/-4^"'/3-4) 
d/  dt 


h  =  8|" 


4  . 
8  sin  2i  +  —e 

3 


32  -to 


=  -  64  sin  2/  + 


Example  2.16.  Use  nodal  analysis  to  determine  the  voltage  across  5  resistance  and  the  current 
in  the  12  V source.  [Bombay  University  2001] 

9A 


20  n 


>4> 


 iMAN  

411 

2D        B  5£J 

-/(AAA  f — AVW- 


;40 


r20Q 


Fig.  2.17  (a)  Fig.  2.17  (/») 

Solution.  Transform  the  12- volt  and  4-ohm  resistor  into  current-source  and  parallel  resistor. 

Mark  the  nodes  O,  A,  B  and  C  on  the  diagram.  Salf-and  mutual  conductance  terms  are  to  be 
wirtlen  down  next. 

At  A,  Goa  «=  1/4+  1/2  +  1/4  =  I  mho 

At  By  G^  =  1/2  +  1/5  +  1/100  =  0.71  mho 

At  C,  Gfr  =  1/4  +  t/5  +  1/20  =  0/50  mho 

Between  A  and  B,  Gah  =  0.5  mho. 

Between  B  and  C,  Cfc  =  0.2  mho. 

Between  A  and  C.  G   =  0.25  mho. 
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Current  Source  matrix  :  At  node  A,  3  amp  incoming  and  9  amp  outgoing  currents  give  a  net 
outgoing  current  of  6  amp.  At  node  C,  incoming  current  =  9  amp.  At  node  B,  no  current  source  is 

~-6" 


connected.  Hence,  the  current- source  matrix  is  : 


The  potentials  of  three  nodes  to  be  found  are 

1     -0.5  -0.25 


V*  V*  Vc 


-0.5 
-0.25 


0.71  -0.20 
0.20  0.5 


\ 

"-6" 

0 

9 

For  evaluating  V,,  VB,  Vc,  following  steps  are  required. 


A  = 


I 

-0.5 
-0.25 


-0.5 
0.71 

-0.20 


'B< 

-0.25 
-0.20 
0.5 


=  1  x  (0.7 10.5  -  0.04)  +  0.5  (-  0.25  -  0.05)  -  0.25  (0. 1  +  0.7 1  x  0.25) 


A..  = 


A,  = 


A.  = 


0.315  -  0.15  -  0.069375  =  0.095625 
-6     -0.5  -0.25 
0.5      0.71    -0.20  =  +  0.6075 
9   -0.20  +0.5 


I 

-0.5 
-0.25 

I 

-0.5 
-0.25 


-6 
0 
9 


0.25 
0.20 
0.50 


-0.5  -6 
0.71  0 
-0.20  9 


=  1.125 


=  2.2475 


VA  =  AJA  =  +0/6075/0.095625  =  6.353  volts 
VB  =  AJA  =1.1 25/0.095625  =  1 1 .765  volts 
Vc  =  A/A  =  2.475/0.95625  =  25.882  volts 

Hence,  voltage  across  5 -ohm  resistor  =  Vc  ~Vg=  14.18  volts.  Obviously.  B  is  positive  w.r.  to 
A.  From  these  node  potentials,  current  through  100-ohm  resistor  is  0.1 18  amp;  (0  current  through 
20  ohm  resistor  is  1 .294  amp. 

(ft)  Current  through  5-ohm  resistor  =  14.18/5  -  2.836  amp. 

(Hi)  Current  through  4-ohm  resistor  between  C  and  A  =  19.53/4  =  4.883  amp 

Check  :  Apply  KCL  at  node  C 

Incoming  current  =  9  amp,  from  the  source. 

Outgoing  currents  as  calculated  in  (0,  («*)  and  (Hi)  above  =  1 .294  +  2.836  +  4.883  =  9  amp 

(iv)  Current  through  2-ohm  resistor  =  (VB  -  VA)I2  =  2.706  amp,  from  B  to  A. 

(v)  Current  in  A  O  branch  =  6.353/4  =  1.588  amp 

413 

jWW  <-  4.883  amp 

vVWW>-*—  2. 7 Of)  amp 
2Q 


Fig.  2,17  (c)  Equivalent  Fig.  2.17  (rfl  Actual  elements 

In  Fig.  2. 17  {c),  the  transformed  equivalent  circuit  is  shown.  The  3-amp  current  source  (0  to  A) 


(2 
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and  the  current  of  1 .588  amp  in  AO  branch  have  lo  be  interpreted  with  reference  to  the  actual  circuit, 
shown  in  Fig.  2. 17  (d),  where  in  a  node  D  exists  at  a  potential  of  12  volts  w.r.  to  the  reference  node. 
The  4-ohm  resistor  between  D  and  A  carries  an  upward  current  of  {(12  -  6.353 )/4  =}  1.412  amp. 
which  is  nothing  but  3  amp  into  the  node  and  1.588  amp  away  from  the  node,  as  in  Fig.  2.17  (c),  at 
node  A.  The  current  in  the  12-V  source  is  thus  1.412  amp. 

( 'lurk.  KCL  at  node  A  should  give  a  check  that  incoming  currents  should  add-up  to  9  amp. 

1.412  +  2.706  +  4.883  =  9  amp 
Example  2.17.  Determine  current  in  5-il  resistor  by  any  one  method. 

(Bombay  University  2M1) 

10  V 


3fl 


12  V 

Fig.  2.18  (a) 

Solution  i  t  i.  Matrix-method  for  Mesh  analysis  can  be  used.  Mark  three  loops  as  shown,  in 
Fig.  2.18  ia).  Resistance-matrix  should  be  evaluated  for  current  in  5-ohm  resistor.  Only.  /',  is  to  be 

found. 

ft,,  =  3.  R„  =  6,  /?„  =  9       Ru=l,ftj3=  2,  ft„  =  2 

Voltage-source  will  be  a  column  matrix  with  entries  serially  as  :  +  8  Volts,  +  10  Volts,  +  12  Volts. 

=  3xf54-4)  +  l  (-9 -4) -2  (2 +  12)  =  109 


3 

-1 

-2 

-1 

6 

-2 

-2 

_  i 

9 

3 

-1 

8 

-1 

6 

10 

-2 

-2 

396 


I,  =  A3/A  =  396/109  =  3.633  amp. 
Solution  i/f i.  Alternatively.  Thevenin's  theorem  can  he  applied. 

For  this,  detach  the  5-ohm  resistor  from  its  position.  Evaluate  Vm  at  the  terminals  X-Y  in  Fig. 
2.18  (h)  and  de-activating  the  source,  calculate  the  value  of      as  shown  in  Fig.  2.18  (c). 

B 


3n 


12  V 


Fig.  2.18  ib) 


Fig.  2.18  (c) 
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By  observation.  Resistance -elements  of  2  x  2  matrix  have  to  be  noted. 


3  -1 
-1  6 


j„  = 


3.  Rhh  =  5,  Rab  -  1 

+  8 
+  10 

8  -1 
10  6 


=  58/17  =  3.412  amp 


3  8 
-1  10 


+  (17)  =  38/17  =  2.2353  amp 


=  12  +  2i„  +  2ib  =  23.3 

Volts,  with  y  positive  w.r.  to  X.  Rw  can  be  evalu- 
ated from  Fig.  2.18  (e),  after  transforming  delta  con- 
figuration at  nodes  B-D-C  to  its  equivalent  star,  as 
shown  in  Fig.  2. 1 8  (if) 

Further  simplification  results  into  : 
RXY  =  RTH  =  1 .4 1 2  ohms 

Hence.  Load  Current  =  VTH/(RL  +  Rm)  =  23.3/6.41 2 
n  =  3.643  amp. 

Fig.  2,18  id)  This  agrees  with  result  obtained  ealier. 

Example  2.18  la).  Determine  the  voltage*  I  and  2  of  the  network  in  Fig.  2.19  (a)  by  nodal 
anahsis.  (Bombay  University,  2001) 


1  O 


2  A 


Fig.  2.1 'J  («) 

Solution.  Write  the  conductance  matrix  for  the  network,  with  nodes  numbered  as  1.  2,  4  as 
shown. 


fin 
S33 


1  +  0.5  =  2  mho,  gjj  =  1  +  0.5  =  1 .5  mho. 
1  mho.  gi2  =  0.5  mho,  g2*  =  0,  gjj  =  I  mho 


A  = 


2 
0.5 
-  I 


0.5    - 1 
1.5  0 
0  1.0 


=  1.25,  A. 


0.5  -1 

1.5  0 
0  1 


=  2.5 


2  0-1 
0.5  2  0 
-I    1  1.0 


=  2.5 


This  gives  V,  =  A,/A  =  2.50/1 .25  =  2  Volts 
And  V,  =  A/A  =  2.50/1 .25  =  2  Voli 
It  means  that  the  2-ohm  resistor  bet 
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2.9.    Independent  and  Dependent  Sources 

Those  voltage  or  current  sources,  which  do  not  depend  on  any  other  quantity  in  the  circuit,  are 
called  independent  sources.  An  independent  d.c.  voltage  source  is  shown  in  Fig.  2.20  (a)  whereas  a 
time-varying  voltage  source  is  shown  in  Fig.  2.20  ib).  The  positive  sign  shows  that  terminal  A  is 
positive  with  respect  to  terminal  B.  In  other  words,  potential  of  terminal  A  is  v  volts  higher  than  that 
of  terminal  B. 


OA 


O 


-OA 


0 


-O  A 


v(t) 


-OB 


(D 


-OB 


0 


-o-i 


-OB 


-OB 


(a) 


A,  = 


Fig.  2.20 


0.5 
-  I 


0.5 
1.5 
0 


-  I 
0 

1.0 


=  1.25. 


nit 


0.5    - 1 
1.5  0 
0  1 


=  2.5 


Similarly.  Fig.  2.20  (c)  shows  an  ideal  constant  current  source  whereas  Fig.  2.20  {d)  depicts  a 
time-varying  current  source.  The  arrow  shows  the  direction  of  flow  of  the  current  at  any  moment 
under  consideration. 

A  dependent  voltage  or  current  source  is  one  which  depends  on  some  other  quantity  in  the 
curcuit  which  may  be  either  a  voltage  or  a  current.  Such  a  source  is  represented  by  a  diamond- 
shaped  symbol  as  shown  in  Fig.  2.21  so  as  not  to  confuse  it  with  an  independent  source.  There  are 
four  possible  dependent  sources  : 

1.  Voltage -dependent  voltage  source  [Fig.  2.21  (a)\ 

2.  Current-dependent  voltage  source  [Fig.  2.21  ib)\ 

3.  Voltage-dependent  current  source  [Fig.  2.21  (c)[ 

4.  Current-dependent  current  source  [Fig.  2.21  (t/)] 

Such  sources  can  also  be  either  constant  sources  or  lime-varying  sources.  Such  sources  are 
often  met  in  electronic  circuits.  As  seen  above,  the  voltage  or  current  source  is  dependent  on  the  and 
is  proportional  to  another  current  or  voltage.  The  constants  of  proportionality  are  writeen  as  a,  r,  g 
and  p.  The  constants  a  and  p  have  no  unis,  r  has  the  unit  of  ohms  and  g  has  the  unit  of  Siemens. 


+■  O 
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1  T 


O 

(a) 


+  o 
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i  gv 


-O 

(b)  (O 
Fig.  2.21 
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Independent  sources  actually  exist  as  physical  entities  such  as  a  battery,  a  d.c.  generator  and  an 
alternator  etc.  Bui  dependent  sources  are  parts  of  models  that  are  used  to  reperesent  electrical  prop- 
erties of  electronic  devices  such  as  operational  amplifiers  and  transistors  etc. 

Example  2.19.  Using  Ktrchhoffs  current  low.  find  the  values  of  the  currents  i,  and  i1  in  the 
curcuit  oj  Fig.  2.22  (a)  which  contains  a  current-dependent  current  source.  All  resistances  are  in 
tfkm 

Solution.  Applying  KCL  to  node  A,  we  get 

2  —  /,  +4  i*|  -  i2  =  0   or   -  3 x ,  +  1 2  =  2 
By  Ohm's  law,  i.  =  vFi  and  L  =  v/2 
Substituting  these  values  above,  we  get 

-3<r/3)  +  v/2  =2    or    i>  =  -4  V 

f,  =  -4/3  A  and  /,  =  -4/2  =  -2  A 
The  value  of  the  dependent  current  source  is  =  4/.  =  4  x  (-  4/3)  =  -  16/3  A. 


(a)  (b) 
Fig.  2.22 

Since  f,  and  r2  come  out  to  be  negative,  it  means  that  they  flow  upwards  as  shown  in  Fig.  2.22(b) 
and  not  downwards  as  presumed.  Similarly,  the  current  of  the  dependent  source  flows  downwards 
as  shown  in  Fig.  2.22  (b).  It  may  also  be  noted  that  the  sum  of  the  upwards  currents  equals  thai  of  the 
downward  currents. 

Example  2.20.  By  applying  Km  liftoffs  current  law.  obtain  the  values  of  v.  h  and  m  the 
circuit  of  Fig  2.23  la)  which  contains  a  voltage-dependent  current  source.  Resistance  values  are  in 
4  >lt  ins. 

Solution.  Applying  KCL  to  node  A  of  the  circuit,  we  get 
2  —  I.  +4v  —  L  =  0   or   t,  +  £.— 4v  =  2 


Now, 


i 

6 


4v 


=  v/3    and   i,  =  vK> 

=  2    or    v  =  —  V 
7 

-4 


-2  -  4 

_  -A  and  i,  =  A  and  4r  =  4x  = 

21-21  7  7 


16 


 * 

►  1 

r  \ 

(a) 


Fi8.  2.23 
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Since  f,  and  i,  come  out  to  be  negative  and  value  of  current  source  is  also  negative,  their  direc- 
tions of  flow  are  opposite  to  those  presumed  in  Fig.  2.23  (a).  Actual  current  directions  are  shown  in 
Fig.  2.23  (b). 

Example  2.21.  Apply  Kirchhqjfs  voltage  law.  ro  find  the  values  of  current  i  and  the  voltage 
drops  Vi  and  v,  in  the  circuit  of  Fig.  2.24  which  contains  a  current  -dependent  voltage  source.  What 
is  the  voltage  of  the  dependent  source  ?  All  resistance  values  are  in  ohms. 

Solution.  Applying  KVL  to  the  circuit  of  Fig.  2.24  and  starting  from  point  4.  we  get 


Now 


or   v,  -  4;  +  v,  =  6 
and    v,  =  4i 
or    i  =  3A 
?  x  3  =  6V  and 


v,  =  4  x  3  =  12  V 


.1 


Fig.  2.24  Fig.  2.25 

Voltage  of  the  dependent  source  =  4/  =  4x4=12V 

Example  2.22.  In  the  circuit  shown  in  Fig,  2. 25.  apply  KCL  to  find  the  value  of  i  for  the  case 
when  [a)  v  =  IV  (h)  v  =  4  V(c)  v  =  6  V.  The  resistor  values  are  in  ohms. 

Solution,  (a)  When  r  =  4V,  current  through  2 12  resistor  which  is  connected  in  parallel  with  the 
2  v  source  =  2/2  -  1  A.  Since  the  source  current  is  2  A.  /  =  2  -  I  =  I  A. 

(h)  When  v  =  4V,  current  through  the  2£l  resistor  =  4/2  =  2  A.  Hence  /  =  2  -  2  =0  A. 

(c)  When  v  =  6  V,  current  through  the  2£2  resistor  =  6/2  =  3  A.  Since  current  source  can  supply 
only  2  A.  the  balance  of  1  A  is  supplied  by  the  voltage  source. 
Hence,  t  =  —  1  A  i.e.  it  flows  in  a  direction  opposite  to  that 
shown  in  Fig.  2.25. 

Example  2.23.  In  the  curcuil  of  Fig.  2.26.  upplv  KCL 
to  find  tlie  value  of  current  i  when  (al  k  =  2  (b)  K  -  3  mid 
(c)  K  =  4.  Both  resistances  are  in  ohms. 

Solution.  Since  6  Q  and  3  Q  resistors  are  connected  in 
parallel  across  the  24- V  battery.    =  24/6  =  8  A. 

Applying  KCL  to  node  A,  we  get  i :  -  4  +  4  K  -  8  =  0  or  Fig.  2.26 

I*  12-4  K. 

(a)  When  K  =2.  i  =  1 2  -  4  x  2  =  4  A 

(b)  When  ^  =  3.  i  =  12 -4  x  3  =0A 

(c)  When K= 4J  =12 -4x4 « -4 A 

It  means  that  current  i  flows  in  the  opposite  direciton. 

Example  2.24.  Find  the  current  i  and  also  the  power  and  voltage  of  the  dependent  source  in 
Fig.  2.72  (a).  All  resistances  are  in  ohms. 


1  < 

► — —  1 

f  ! 

24  V 
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Solution.  The  two  current  sources  can  be  combined  into  a  single  source  of  8  -  6  =  2  A.  The  two 
parallel  4  £2  resistances  when  combined  have  a  value  of  2  £2  which,  being  in  series  with  the  1 0  £2 
resistance,  gives  the  branch  resistance  of  10  +  2  =  12  £2.  This  12  £2  resistance  when  combined  with 
the  other  1 2  £2  resistance  gives  a  combination  resistance  of  6  £2.  The  simplified  circuit  is  shown  in 
Fig.  2.27  (b.) 


/'I 

>  ! 

"  0.9A 

'10 


W  4 


(a)  m 

Fig.  2.27 

Applying  KCL  to  node  A.  we  get 

0.9i  +  2-/-V/6  =  0   or   0.6/=  12 -v 
Also  v  =  3/    .-.    i  =  10/3  A.  Hence,  v  =  10  V. 

The  power  furnished  by  the  current  source  =  v  x  0.9  i  ■  10  x  0.9  ( 10/3)  =  30  \V. 

Example  2.25.  By  using  voltuge-ilivider  rule,  calculate  the  voltages  vx  and  vv  in  the  net  work 

shown  in  Fig.  2.2X.  7  5 

I  W  1- 

Solution.  As  seen,  12  V  drop  in  over  the       J  J 
series  combination  of  1,  2  and  3  £2  resistors.  As 
per  voltage-divider  rtiel  v%  =  drop  over  3  £2  = 
12  x  3/6  =  6  V 

The  voltage  of  the  dependent  source  = 
12x6  =  72  V 

The  voltage  v  equals  die  drop  across  8  £2  72iyS 
resistor  connected  across  the  voltage  source  of 

72  V. 


Again  using  voltge-divider  rule,  drop  over 
8  £2  resistor  =  72  x  8/12  =  48  V. 

Hence,  v  =  -  48  V.  The  negative  sign  has  been 
given  because  positive  and  negative  signs  of  vv  are 
actually  opposite  to  those  shown  in  Fig.  2.28. 

Example  2.26.  /  \<  k(  L  in  find  the  \  tiluc     I  in 
the  curcuit  of  Fig.  2.29. 

Solution.  Let  us  start  from  ground  and  go  to  point 
a  and  find  the  value  of  voltage  \a.  Obviously,  5  +  v  = 
vu  or  v  =  vu  -  5.  Applying  KCL  to  point,  we  get 

6-2v+(5-i'u)/l  =  0or6-2(v(- 
5)  +  (5  -  vj  =  0    or    va  =  7  V 

Hence,  v  -  \^  -  5  =  7-  5  =  2  V,  Since  it  turns  out 
to  be  positive,  its  sign  as  indicated  in  the  figure  is  correct. 


Fig.  2.28 


Fig.  2.29 
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Example  2.27.  (a)  Basic  Electric  Circuits  b\  Cunninghan. 

Fintl  the  value  of  current  i,  supplied  bx  the  voltatage- 
controlled,  cunent  tourist  (VCCS)  shown  in  Fig.  2. JO. 

Solution.  Applying  KVL  to  the  closed  circuit  ABCD,  we 
have  -  4  +  8  -  v,  =  0    .\    v,  =  4  V 

The  current  supplied  by  VCCS  is  10  v{  =  10  x  4  =  40  A. 
Since  L  flows  in  an  opposite  direction  to  this  current,  hence 
i2  =  -40  A. 

Example  UJ.  ih\.  f  ind  the  voltage  drop  r,  across  the  cur- 
rent-controlled voltage  soiax  e  iC'CVS)  sltouv  in  Fig.  2.2H. 

Solution.  Applying  KCL  to  point  A.  we  have  2  +  6  -  i,  or  i(  =  8 


Application  of  KVL  to  the  closed  circuit  on  the  right  hand  side  gives  5     -  r,  =  0  or  v2  =  5 


/ ,  =  5  x  8  =  40  V. 


20  V 


10  V 


fOr^rO 


O»v0 

1+  4AT 


Fig.  2.31 


50  V 


Fig.  2.32 


a 

+ 


b 
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Example  2.28.  Find  the  values  of  i f,  vt,  i',  and  rr/l  in  the  network  of  Fig.  2.32  with  it\  terminals 
a  and  h  open. 

Solution.  It  is  obvious  that  r,  =  4  A.  Applying  KVL  to  the  left-hand  closed  circuit,  we  get 
-  40  +  20  -  v,  =  0  or  v,  =  -  20  V. 

Similarly,  applying  KVL  to  the  second  closed  loop,  we  get 
v,  -  vM  +  4v,  -  50  =  0  or  vx  =  5  vl  -  50  =  -  5  x  20  -  50  =  -  150  V 
Again  applying  KVL  to  the  right-hand  side  circuit  containing  v^.  we  get 
50-4v,- I0vo/l  =  0    or    »m  =  50  -  4  (-  20)  -  10  =  120  V 

i 

Example  2.29  [a).  Find  the  current  i  in  the  circuit  of  Fig.  2.3 'J.  All  resistances  are  in  ohms. 

Solution.  The  equivalent  resitance  of  the  two  parallel  paths  across  point  a  is  3  II  (4  +  2)  =  2  £2. 
Now.  applying  KVL  to  the  closed  loop,  we  gel  24  -  v  -  2r  -  2i  =  0.  Since  v  =  2i.  we  get  24  -  2t  — 
2(2r)  -  2i  =  0  or  i  =  3  A. 


2 

+  v  - 


On 


Q24  V 


 1 

1  

''i 

4A 

Fig.  233 


Fie.  2.34 
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Example  2.29.  (A)  Determine  the  value  of  current  t.tind  voltage  drop  v  across  15  £1  resistor  in 
Fig.  2.34 

Solution.  It  will  be  seen  that  the  dependent  current  source  is  related  ot  /-,.  Applying  KCL  to 
node  a,  we  get  4  -  j  +  3i;  -  i2  =  0  or  4  -  i,  +■  3  /"-,  =  0. 
Applying  Ohm's  law,  we  get  L  =  v/5  and  t2  ■  v/15. 

Substituting  these  values  in  the  above  equation,  we  get  4  -  (v/5)  +  2  (v/15)  =  0  or  v  =  60  V  and 
ij  =  4  A. 

Example  2.2"  (c ».  /» lAe  curcuit  of  Fig.  2.35.  find  the  values 
of  i  and  v.  AH  resistance  arc  in  ohms. 

Solution.  Ii  may  be  noted  that  12  +  v  =  va  or  v  =  va  —  12. 
Applying  KCL  to  node  a,  we  get 

0-V      v    v  -12 

Hence,  v  =  4  -  1 2  =  -  8  V.  The  negative  sign  shows  that  its 
polarity  is  opposite  to  that  shown  in  Fig.  2.35.  The  current  flow- 
ing from  the  point  a  to  ground  is  4/2  =  2  A.  Hence,  i  -  -  2  A. 

Tutorial  Problems  No.  2.1 

1.   Apply  KCL  to  find  the  value  of  /  in  Fig.  2.36. 


Kg.  2.35 


IK  A  | 


+  15  V- 


+ 

HI  V 


Fig.  2.36  Fig.  2.37 

2.  Applying  Kirchhoff" s  voltage  law,  find  V,  and  V2  in  Fig.  2.37.  [V.  =  10  V;  V,  -  5  \  | 

3.  Find  the  values  of  currents  /,  and  l4  in  the  network  of  Fig.  2.38.  |/j  =  4A;/4  =  5A] 

I 


/,  =6A 
 !_  VW- 


^AAA — 


i 


10  V 


Fig.  2J8  Fig.  2.39 

4.  Use  Kirchhoffs  law.  la  find  the  values  ul*  voltages  V,  and  V-,  in  the  network  shown  in  Fig.  2.39. 

IV,  =2  V:  VZ  =  5V1 

5.  Find  the  unknown  currents  in  the  curcuits  shown  in  Fig.  2.40  (a).  |/,  =  2  A  ;  /,  =  7  A] 
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10A 
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1A" 
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12A 


6A 


'6A  W8A 

Using  KirchhofF s  current  law.  Find  Ihe  values  of  ihe  unknown  currents  in  Fig.  2.40  ib). 

|/,  =  2  A;  /,  =  2  A  ;  /,  =  4  A  ;  I,  =  10  A] 

In  Fig.  2.4 1 .  the  potential  of  point  A  is  -  30  V.  Using  KirchhofTs  voltage  law .  find  (a  I  value  of  V  and 
ib)  power  dissipated  by  5  CI  resistance.  All  resistances  are  in  ohms.  ( 100  \  :  500  \\  | 


i 

-©- 


-30  V 


11A 

CP 


a  s 


s 

-o- 


C«A 


Fig.  2.41  Fig.  2.42  Fig.  2.43 

H.  Using  KVL  and  KCL.  find  the  values  of  V  and  /  in  Fig.  2.42.  All  resistances  are  in  ohms 

|80  V;  -  4  A  | 

9.  Using  KCL,  find  the  values  \\g.  t,.  A,  and  lx  in  the  circuit  of  Fig.  2.43,  All  resisiances  are  in  ohms. 

[V^  =  12  V  :  /,  =  2/3  A:  /,  =  I  A:  /,  =  4/3  A| 

10.  A  bridge  network  ABCD  is  arranged  as  follows  : 

Resisiances  between  terminals  A-B.  B—C,  C-D.  D-A.  and  B-D  are  10.  20.  1 5.  5  and  40  ohms  respec- 
tively. A  20  V  battery  of  negligible  internal  resistance  is  connected  between  terminals  A  and  C 
Determine  the  curreni  in  each  resistor. 

{AB  =  0.M5  A;  BC  =  0.678  A;  AD  =  1.025  A;  PB  =  0,033  A;  DC  =  0.992  A  | 

1 1.  Two  batteries  A  and  B  arc  connected  in  parallel  and  a  load  of  10 12  is  connected  across  their  terminals. 
A  has  an  e.m.f.  of  12  V  and  an  internal  resistance  of  2  CI  ;  B  has  an  e.m.f.  of  8  V  and  an  internal 
resistance  of  1  il.  Use  KirchhofF s  laws  to  determine  the  values  and  directions  of  the  currents  flowing 
in  each  of  the  batteries  and  in  the  external  resistance.  Also  determine  the  p.d.  across  the  external 
resistance.  [/,  =  l.h25  A  (discharge),  /„  =  0.75  A  IcharKel  :  0.875  A;  8.75  V] 

12.  The  four  arms  of  a  Wheastone  bridge  have  the  following  resistances  :  AB-  100.  BC  =  10.  CD  =  4,  DA 
-  50  ohms. 

A  galvanometer  of  20  ohms  resistance  is  connected  across  BD.  Calculate  the  current  through  the 
galvanometer  when  a  potential  difference  of  10  volts  is  maintained  across  AC. 

10.00513  A |  {Elect.  Tech.  Loud.  Unix  | 

13.  Find  the  voltage  V'i/(J  in  the  network  shown  in  Fig.  2.44  {a)  if  R  is  10  £1  and  ib)  20  Q. 

l«M5  V  ib)S  V] 
etween  points  a  and  b  i.e.  \'ab. 
[30  V]  (Elect.  Engg.  I.  Bombay  Univ.  Itfrfl 
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5  V  20  V 

(a)  (b) 
Fig.  2.44 

I  Hint :  Id  the  above  two  cases,  the  two  closed  loops  are  independent  and  no  current  passes  between  them]. 
15.  A  battery  having  an  E.M.F.  of  1 10  V  and  an  internal  resistance  of  0.2  fl  is  connected  in  parallel  with 

another  battery  having  an  E.M.F.  of  100  V  and  internal  resistance  0.25  fl.  The  two  batteries  in 

parallel  arc  placed  in  scries  with  a  regulating  resistance  of  5  fl  and  connected  across  200  V  mains. 

Calculate  the  magnitude  and  direction  of  the  current  in  each  battery  and  the  total  current  taken  from 

the  supply  mains. 

\fA  =  I  I.W  (discharge);  l„  =  30.43  A  (charge)  :  18.47  A) 
(Elect  Technology,  Sumblml  Univ.  May  1978) 
LA.  Three  batteries  P,  Q  and  R  consisting  of  50.  55  and  60  cells  in  series  respectively  supply  in  paralle  a 
common  load  of  100  A.  Each  cell  has  a  e.m.f  of  2  V  and  an  internal  resistance  of  0.005  fl.  Determine 
the  current  supplied  by  each  battery  and  the  load  voltage. 

|L2  A;  35.4  A  :  65.8  A  :  100  J  V)  (Basic  Electricity.  Bombay  Univ.  I960) 
17.  Two  storge  batteries  are  connected  in  parallel  to  supply  a  load  having  a  resistance  of  0. 1  fl.  The  open- 
circut  e.m.f.  of  one  battery  (A)  is  12.1  V  and  that  of  the  other  battery  (B)  is  1 1.8  V.  The  internal 
resistances  are  0.03  fl  and  0.04  fl  respectively.  Calculate  (;)  the  current  supplied  ot  the  lead  (if)  the 
current  in  each  battery  (Hi)  the  terminal  voltage  of  each  battery. 

lit)  102.2  A  07)  62.7  A  (A).        A  (fll  (iui  10.22  V|  (London  Univ.) 
IK.  Two  storage  batteries,  A  and  B,  are  connected  in  parallel  to  supply  a         ^  2v 

load  the  resistance  of  which  is  1.2  fl.  Calculate  (i)  the  current  in  this    .  /\_ 

lood  and  Hi)  the  current  supplied  by  each  battery  if  the  open-circuit 
e.m.f.  of  A  is  12.5  V  and  that  of  Bis  12.8  V.  the  internal  resistance  of 
A  being  0.05  fl  an  that  of  B  0.08  fl. 

lii)  10.25  A  Hi)  4  (A),  6.25  A  lB)|  (London  Univ.) 

19.  The  circuit  of  Fig.  2.45  contains  a  voltage-dependent  voltage  source. 
Find  the  current  supplied  by  the  battery  and  power  supplied  by  the 
voltage  source.  Both  resistances  are  in  ohms.  |8  A ;  1920  VV|  , 

20.  Find  the  equivalent  resistance  between  terminals  a  and  b  of  the  network  shown  in  Fig.  2.46. 

12V 


fll 


r 

Q 


Fig.  2.46  Fig.  2.47 

21.  Find  the  value  of  the  voltage  V  in  the  network  of  Fig.  2.47. 


Fig.  2.48 


|3*  \  | 
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22.  Determine  the  current  i  for  the  network  shown  in  Fig.  2.48.  [-  40  A  | 

23.  State  the  explain  Kirchhoffs  current  law.  Determine  the  value  of  Rs  and  Rr  in  the  network  of  Fig. 
2.49  if  V,  =  Vj/2  and  the  equivalent  resistance  of  the  network  between  the  terminals  A  and  B  is  100  £2. 

\RS  =  100/3  n.  R,,  =  400/3  £2|  (Elect.  Engg.  I,  Bombay  Univ.  1978) 

24.  Four  resistance  each  of  R  ohms  and  two  resistances  each  of  S  ohms  are  connected  (as  shown  in  Fig. 
2.50)  to  four  terminasl  AB  and  CD.  A  p.d  of  V  votls  is  applied  across  the  terminals  AB  and  a 
resistance  of  Z  ohm  is  connected  across  the  terminals  CD.  Find  the  value  of  Z  in  terms  of  5  and  R  in 
order  that  the  current  at  AB  may  be  V/Z. 

Find  also  the  relationship  that  must  hold  between  R  and  5  in  order  that  the  p.d.  at  the  points  EF  be 


V/2. 


[I  =  v'  K  iK  +  2$  I;  S  =  4/J  ] 
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Fig.  2.49 


Fig.  2.50 
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2.10.  Maxwell's  Loop  Cureiil  Method 

This  method  which  is  particularly  well-suited  to  coupled  circuit  soluions  employs  a  system  of 
loop  or  mesh  currents  instead  of  branch  currents  (as  in  Kirchhoffs  laws).  Here,  the  currents  in 
different  meshes  are  assigned  continuous  paths  so  that  they  do  not  split  at  a  juncion  into  branch 
currents.  This  method  eliminates  a  great  deal  of  tedious  work  involved  in  the  branch-current  method 
and  is  best  suited  when  energy  sources  are  voltage  sources  rather  than  current  sources.  Basically, 
this  method  consists  of  writing  loop  voltage  equations  by  Kirchhoffs  voltage  law  in  terms  of  un-_ 
known  loop  currents.  As  will  be  seen  later,  the  number  of  independent  equations  to  he-Solved 
reduces  from  b  by  Kirchhoffs  laws  to  b—  (j  —  1 )  for  the  loop  current  method  where  b  is  me  number 
of  branches  and  j  is  the  number  of  junctions  in  a  given  network. 

Fig.  2.51  shows  two  batteries  £,  and  E2 
connected  in  a  network  consisting  of  five 
resistors.  Let  the  loop  currents  for  the 
three  meshes  be  /,,  /-,  and  lv  It  is  obvi- 
ous that  current  through  RA  (when  con- 
sidered as  a  part  of  the  First  loop)  is  (/(  — 
/-,)  and  that  through  Rs  is  (/2  -  How- 
ever, when  R4  is  considered  part  of  the 
second  loop,  current  through  it  is  (A,  - 
/, ).  Similarly,  whe  Rf  is  considered  part 
of  die  third  loop,  current  through  it  is  (/, 
-  /-,).  Applying  Kirchhoffs  voltage  law 
to  the  three  loops,  we  get, 
/,  (/?,  +  R4)  -  I1R4-  E,  =  0  ...loop  1 
/?,</2-/3)-/?4  (A -/,)=() 


Fig.  2.51 


ft)  = 


Similarly. 


0  or 
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or        /j  /f4  -  l2  (R2  +  Ri+  R5)  +  I^R5  =  0  ..  loop  2 

Also  -  fjjfcj  -E2-Ri  (f3  -  /,)  =0    or         -  /3  (R3  +  Rf)  -E-,  =  0  ...loop  3 

The  above  three  equations  can  be  solved  not  only  to  find  loop  currents  but  bianch  currents  as 
well. 

2,11.  Mesh  Analysis  Using  Matrix  Form 

Consider  the  network  of  Fig.  2.52,  which  contains 
resistances  and  independent  voltage  sources  and  has  three 
meshes.  Let  the  three  mesh  currents  be  designated  as  /,,  l2 
and  /3  and  all  the  three  may  be  assurnbed  to  flow  in  the  clock- 
wise direcion  for  obtaining  symmetry  in  mesh  equations. 

Applying  KVL  to  mesh  (f),  we  have 

E,  -  /,/? ,  -  tf3  (/,  -  /j)  -  R2  (7,  -  jy  =  0 

or    (R ,  +R2  +  /*,)  /,  -  R2i2  -  RJi  mg]    ...( i) 

Similarly,  from  mesh  (it),  we  have 

E2  -  R2  (/,  -  ij)  -*j  </,  -  Zj)  -  /2/?4  =  0 

or    -  /?2/[  +  (R2  +  /f4  +  /*,)  A,  -  /t,/3  =  £,  „.(iQ 

Applying  KVL  to  mesh  (in),  we  have 

or    -  /?,/,  -  A5/2  +  (/f3  +  /?s  +  R6  +  R7)  /3  .  E} 

li  should  be  noted  that  signs  of  different  items  in  the  above  three  equations  have  been  so  changed 
as  to  make  the  items  containing  self  resistances  positive  {please  see  further). 
The  matrix  equivalent  of  the  above  three  equations  is 

"+  (R,  +R-,  +  R3)  ~M3  -  fl3 

-R]  +l*2  +  J?4  +  R5)  -Rj 


Fig.  IS2 


...am 


~*3 


'  E\ 

h 

E, 

h 

+  (Ri  +  R5+R6+R7)_ 

It  would  be  seen  that  the  first  item  is  the  first  row  i.e.  (/?,  +  /f,  +  R})  represents  the  self  resistance 
of  mesh  (;')  which  equals  the  sum  of  all  resistance  in  mesh  (i).  Sirnilariy,  the  second  item  in  the  first 
row  represents  the  mutual  resistance  between  meshes  (»')  and  (ii)  i.e.  the  sum  of  the  resistances 
common  to  mesh  (i)  and  (ft)-  Sirnilariy,  the  third  item  in  the  first  row  represents  the  mutual-resis- 
tance of  the  mesh  (0  and  mesh  (it). 

The  item  in  general,  represents  the  algebraic  sum  of  the  voltages  of  ail  the  voltage  sources 
acting  around  mesh  (i).  Similar  is  the  case  with  E2  and  Ev  The  sign  of  the  e.m.f  s  is  the  same  as 
discussed  in  Art.  2.3  i.e.  while  going  along  the  current,  if  we  pass  from  negative  to  the  positive 
terminal  of  a  battery,  then  its  e.m.f.  is  taken  postive.  If  it  is  the  other  way  around,  then  battery  e.m.f. 
is  taken  negative. 

In  general,  let 

/J,  |  =  self-resistance  of  mesh  (i) 

R22  =  self-resistance  of  mesh  (if)  i.e.  sum  of  all  resistances  in  mesh  (ii) 

=  Self-resistance  of  mesh  (Hi)  i.e.  sum  of  all  resistances  in  mesh  (Hi) 
Rl2  =  R2l  =  -  [Sum  of  all  the  resistances  common  to  meshes  (/)  and  (ii)]  * 
^23  "  ^32  =  ~~  [Sum  of  all  ihe  resistances  common  to  meshes  (ii)  and  (iii)l* 


Although,  ii  is  easier  to  lake  all  loop  currents  in  one  direction  (Usually  clockw  ise  I.  the  choice  of  direcmn  lor 
any  loop  current  is  arbitun  anil  may  be  chosen  independently  of  the  direelion  ol  the  oiher  loop  currenis. 
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ftj,  =  ft)3  =  -  [Sum  of  all  the  resistances  common  to  meshes  (0  and  * 
Using  these  symbols,  the  generalized  form  of  the  above  matrix  equivalent  can  be  written  as 


«ri 

*I3 

ft,3 

V 

'e' 

h 

h 

A 

If  there  are  m  independent  meshes  in  any  liner  network,  then  the  mesh  equations  can  be  written 
in  the  matrix  form  as  under  : 


ft,. 


R 


2"! 


R 


I 

2m 


*3S 


l33 


The  above  equaitons  can  be  written  in  a  more  compact  form  as  [ftm]  [/J  =  [Em],  It  is  known  as 
Ohm's  law  in  matrix  form. 

In  the  end,  it  may  be  pointed  out  that  the  directions  of  mesh  currents  can  be  selected  arbitrarily. 
If  we  assume  each  mesh  current  to  flow  in  the  clockwise  direction,  then 

(0  All  self-resistances  will  always  be  posiive  and  (if)  all  mutual  resistances  will  always  be 
negative.  We  will  adapt  this  sign  convention  in  the  solved  examples  to  follow. 

The  above  main  advatage  of  the  generalized  form  of  all  mesh  equations  is  that  they  can  be  easily 
remebered  because  of  their  symmetry.  Moreover,  for  any  given  network,  these  can  be  written  by 
inspection  and  then  solved  by  the  use  of  determinants.  It  eliminates  the  tedium  of  deriving  simulta- 
neous equations. 

Example.  2.30.  Write  the  impedance  matrix  of  the  network  shown  in  Fig.  2.53  and  find  the 
value  of  current  13.  J   g>    j  *^         (Network  Analysis  A.M.I.E.  Sec.  B.W.  1V8U> 

Solution.  Differenritems  of  the  mesh-resistance  matrix  [Rm]  are  as  under  : 

ffll  =  ]+  3  +  2  =  6£l;fi3,  =  2+l+4  =  7n;/f33  =  3  +  2  +  l=  6fi; 
R12  —  /?2i  =  —  2     ;  ft 23  =  ftj2  =  —  I  ^  I      =  ftj[  =  —  3  £2  ; 
£,  =  +  5  V  ;  £,  =  0  ;  £,  =  0. 
The  mesh  equations  in  the  matrix  form  are 


A  = 


A,  = 


h  = 


R2l 

6 
-2 
-3 

6 
-2 

-3 


^(2 
^22 
ftj, 

-2 
7 

-  I 

-2 
7 

-  I 


"23 
ft33 

-3 
-I 

6 

5 
0 

0 


or 

h 

£3 

6  -2  -3 
-2  7-1 
-3-1  6 


s 

h 

0 

0 

-  6(42-  l)  +  2(-12  -  3)  -  3  (2  +  21)  =  147 

r— -*m, 


=  6  +  2(5) -3(-35)  =  121 


^/A  =  T47=a823A 


Fig.  2.53 


In  general,  if  the  two  currents  through  the  common  resistance  flow  in  the  same  direcion.  then  the  mutual 
resistiince  1*.  taken  negative.  One  the  other  hand,  if  the  two  currents  How  in  the  same  direcion,  mutual 
resistance  is  taken  as  positive. 
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Example  2.31.  Determine  the  current  supplied  by  each  buttery  in  the  circuit  shown  in 
Fig-  2.54.  (Electrical  Engg.  Aligarh  Univ.  1989» 

Solution.  Since  there  are  three  meshes,  lei  the  three  loop  currents  be  shown  in  Fig.  2.51. 

5  Q                4fJ      5V  8fi 
WW  1  WW  1 1 — i  ww- 


a, 


3fl 


20  V<     1  J  _L 


fl2T5V 


8; 


2fi 


15  V 


30  V 


Rg,  2.54 

For  loop  1  we  get 

2n-5/1-3(/,-/2)-5  =  0 
For  loop  2  we  have 

-4/2  +  5-2  <7,-/?)  +  5  +  5-3  (/2-/,)  =  0    or    3/, -9/2  +  2/3=  -  15 
Similarly,  for  loop  3,  we  gel 

-  8/3  -  30  -  5  -  2(/3 -/j>-0 
Eliminating  /,  from  (1)  and  (11),  we  get      63/2  -  16/3  =  165 
Similarly,  for  /2  from  (iii)  and  (iV),  we  have 
From  (fry,  t3  =  -  1875/598  A 

Substituting  the  value  of  l3  in  (i),  we  get  /,  =  765/299  A 

Since  /3  turns  out  to  be  negative,  actual  directions  of  flow  of  loop  currents  are  as  shown  in 
Fig.  2.55. 

5Q                4fi      5V  g£l 
-^WW  1  WW  1 1 — 1  WW 


or  8/,-3/2=15 


or   272  -  10/3  =  35 


I2  =  542/299  A 


■  M) 

m 

(Hi) 

m 


Discharge  current  of 
Charging  current  of 
Discharge  current  of 
Discharge  current  of 


Fig.  155 
B{  =  765/299 A 
B2  =  /,-/,=  220/299  A 
B3  =  /,  +    =  2965/598  A 

B4  =  /,  =  545/299  A;  Discharge  current  of  Bs  =  1875/598  A 
Solution  by  Using  Mesh  Resistance  Matrix. 
The  different  items  of  the  mesh-resistance  matrix  [Rm]  arc  as  under : 
/?M  =  5  +  3  =  8  £1;      =  4  +  2  +  3  =  9  Q;  R33i  =  8  +  2  =  10  Q 
/?p  =  R^  =  —  3  12  ;  /?j3  =  Rx\  ~  0  ;      =  R-$->  =  —  2  £1 
£,  =  algebraic  sum  of  the  voltages  around  mesh  (f)  =  20  -  5  =  15  V 
£2  =  5  +  5  +  5  =  15  V  :  £,  =  -  30  -  5  =  -  35  V 
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K|2  *l 


x22 
?32 


*23 


"V 

3 

or 

h 

A. 

8 
-3 
o 


-3 
9 

-2 


0 
-2 
10 


V 

'  15" 

12 

15 

h 

-35 

A  = 


A,  = 


8  -3 
-3  9 

0  -2 


0 

-2 
10 


=  8(90  -  4)  +  3(-  30)  =  598 


A. 


A,  = 


/,  = 


15 
15 
-35 

8 

-3 
0 

8 

-3 
0 


-3 
9 
-2 

15 
15 

-35 

-3 
9 


0 
-2 
Hi 

0 
_  2 
10 

15 
L5 


=  15(90  -  4)  -  1 5(-  30}  -  35  (6)  =  1530 


=  8(150  -  70)  +  3(150+0)  =  1090 


8(-3 1 5  +  30)  +  3(105  +  30)  =  -  1875 


-2  -35 

I530  =  765  A./  =  A2  =  1090  _  545  A  .  f  _  aj  _  ~  18 


A     598     299       *     A     598     299       J     A  598 
Example  2.32.  Determine  the  t  in  rent  in  the  4-il  hi  (inch  in  the  circuit  \hn\ui  in  Fig.  2.56. 

(Elect.  Technology,  Nagpur  Univ.  1992) 
Solution.  The  three  loop  currents  are  as  shown  in  Fig.  2.53  (b). 
For  loop  1 .  we  have 

-!(/,-/,)-  3  (/, -/3)  -4/[  +  24  =  0    or    8/,  - /,  -  3/3  =  24 
For  loop  2,  we  have 


12-2/,-  12  (/2-/a)-  1  0% "V  =  °   °r   /,  -  15/,+ 12/3  =  - 12 
Similarly,  for  loop  3,  we  get 

-  12  (/,  -  /,)  -  2/,  -  10  -  3  C/j  -  /,)  =  0  or  37,  +  12/2  -  17/3  =  10 
Eliminating  /,  from  Eq.  (i)  and  (if)  above,  we  get,  1 19/j  -  57/3  =  372 
Similarly,  eliminating  /,  from  Eq.  (if)  and  («0,  we  get,  57/,  -  1 1 I/*,  =  6 
From  (/»•)  and  (v)  we  have, 

/,  =  40,950/9,960=  4.1  A 

Solution  by  Determinants 
The  three  equations  as  found  above  are 
8/,  -  /,  -  3/?  =  24 
/,  -  15/,+  I2/3  =  -  12 


.40 

-.07) 


...(IV) 


3/1  +  12/,- 

l7/3  =  10 

"8 

-1  -3" 

X 

24" 

Their  matrix  form  is 

1 

-15  12 

y 

-12 

.3 

12  -17 

10 

^8  -1 

-3" 

24 

-1 

A  = 

1  -15 

12 

=  664,  A,  = 

12 

-15 

3      12  - 

17 

10 

12 

-3 
12 
-17 


=  2730 


/,  =  A,/A  =  2730/664  =  4.1  A 
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12  V 


24  V 


'24  V 


fa) 


(hi 


Fig.  1M 

Solution  by  Using  Mesh  Resistance  Matrix 

For  the  network  of  Fig,  2.53  (b),  values  of  self  resistances,  mutual  resistances  and  e.m.fs  can  be 
written  by  more  inspection  of  Fig.  2.53. 

/?, ,  =  3  +  1  +  4  =  8  Q  ;      =  2  +  12  +  I  =  15  Q  ;  «33  =  2  +  3  +  12  =  17  Q. 
Rn  =  R2i  =  '  1 ;  R2j  =  ^32  =  ~  1 2  ;  /?|3  =  /?3 1  =  -  3 
E{  =  24  V  ;  E2  =  12  V  ;  E3  =  -  10  V 
The  matrix  form  of  the  above  three  equations  can  be  written  by  inspection  of  the  given  network 
as  under  :- 


R, ,    R  ; 


12 

^21     ^22  ^23 


Ri3 


A  = 


A,  = 


.^31     "32  "33 

8  (255-  144)+  1(- 

24     -1  -3 
12      15  -12 
-10   -12  17 


7," 

h 

E2 

or 

£3 

8  -1  -3 
1  15-12 

-3   -12  17 


24" 

h 

12 

'3 

-10 

17 


36) -3  (12 +  45)  =  664 
=  24  (255-144)  -  I2(- 17  -  36)  -  10(12  +  45)  =  2730 


2730 


=  4.1  A 


A  664 
It  is  the  same  answer  as  found  above. 
Tutorial  Problems  No.  2.2 

1 .  Find  the  ammeter  current  in  Fig.  2.57  by  using  loop  analysis. 

(1/7  \\  {Network  Theory  Indore  Univ.  1981) 


50  V 


Fie.  2.57 


Fig.  2.59 


Fig.  2.58 

2.  Using  mesh  analysis,  determine  the  voltage  across  the  10  k£l  resistor  at  terminals  a-b  of  the  circuit 
shown  in  Fig.  2.58.  U-65  \\(Elect.  Technology,  Indor  Univ.  April  1978) 

i.  Apply  loop  current  method  to  find  loop  currents     l7  and  /,  in  the  circuit  of  Fig.  2.59. 

1/,  =  3.75  A,  /,  =  0,  #,=  1-25  A I 
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Reference  Node 


2.12.  NodaJ  Analysis  Willi  Sources 

The  node-equation  method  is  based  directly  on  Kirchhoff  s  current  law  unlike  loop-current 
method  which  is  based  on  Kirchhoff  s  voltage  law.  However,  like  loop  current  method,  nodal  method 

also  has  the  advantage  that  a  minimum  num- 
ber of  equations  need  be  written  to  determine 
the  unknown  quantities.  Moreover,  it  is  par- 
ticularly suited  for  networks  having  many 
parallel  circuits  with  common  ground  con- 
nected such  as  electronic  circuits. 

For  the  application  of  this  method,  every 
juncion  in  the  network  where  three  or  more 
branches  meet  is  regarded  a  node.  One  of 
these  is  regarded  as  the  reference  node  or 
Fig.  2.60  datum  node  or  zero-potential  node.  Hence 

the  number  of  simultaneous  equations  to  be  solved  becomes  (n  -  1 )  where  n  is  the  number  of  inde- 
pendent nodes.  These  node  equations  often  become  simplified  if  all  voltage  sources  are  converted 
into  current  sources  (  Art.  2.12). 
(f)  First  Cast 

Consider  the  circuit  of  Fig.  2.60  which  has  three  nodes.  One  of  these  i.e.  node  3  has  been  take 
in  as  the  reference  node.  VA  represents  the  potential  of  node  1  with  reference  to  the  datum  node  3. 
Similarly,  VR  is  the  potential  difference  between  node  2  and  node  3.  Lei  the  current  directions  which 
have  been  chosen  arbitarily  be  as  shown. 

For  node  1 ,  the  following  current  equation  can  be  written  the  help  of  KCL. 

/, 


Now 

Obviously, 


h 


h  +  '2 
Et-VA 


.-.  Ix=(E,-VA)tRy 
MsoJ2R2=VA-VR  C 


.0) 


=  (VA-V')/R, 


Substituting  these  values  in  Eq.  (i)  above,  we  gel, 

Va-vb 
R, 


A  _ 


Simplifying  the  above,  we  have 


The  current  equation  for  node  2  is  /5  =  /2  + 


or 


01 


.<tf) 


.(Hi) 


..(iv) 


Though  the  above  nodal  equations  (ii)  and  (Hi)  seem  to  be  complicated,  they  employ  a  very 
simple  and  systematic  arrangement  of  terms  which  can  be  written  simply  by  inspection.  Eq.  (ii)  at 
node  I  is  represented  by 

1 .  The  product  of  node  potential  VA  and  ( 1//?,  +  \IR2  +  l//?4)  i.e.  the  sum  of  the  reciprocals  of 
the  branch  resistance  connected  to  this  node. 

2.  Minus  the  ratio  of  adjacent  potential  VB  and  the  interconnecting  resistance  R2 

3.  Minus  ratio  of  adjacent  battery  (or  generator)  voltage  £,  and  interconnecting  resistacne  Rv 

4.  All  the  above  set  to  zero.  - 


M 
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Same  is  the  case  with  Eq.  (Hi)  which  applies  to  node  2, 




Reference  Node 
Fig.  2.61 

Using  conductances  instead  of  resistances,  the  above  two  equations  may  be  written  as 

VA  (G,  +  G,  +  Gj  -  VflG,  -  E]Gl  =  0 
VB  (G,  +  G3  +  G5)  -  VAG2  -  E2G3  =  0 

To  emphasize  the  procedure  given  above,  consider  the  circuit  of  Fig.  2.61. 


...O'v) 


The  three  node  equations  are  ^ 


I 


A,  fi, 


I 


R-, 


1 


A', 

+4-  + 


R7 


I 


+4- 


3      ^4      ^7       ^  J  &3 


Yc 

Yb 


=  0 


=  0 


*4 


(node  1) 


(node  2) 


(node  3) 


After  finding  different  node  voltages,  various  cunvnls  can  be  calculated  by  using  Ohm's  law. 
(M)  Second  Case 

Now,  consider  the  case  when  a  third  battery  of  N']de  Nt?lc 

e.m.f.  f,  is  connected  between  nodes  1  and  2  as  I  fi7    l|— WV*- 

shown  in  Fig.  2.62. 

It  must  be  noted  that  as  we  travel  from  node  I  to 
node  2.  we  go  from  the  -ve  terminal  of  E}  to  its  +ve 
terminal.  Hence,  according  to  the  sign  convention 
given  in  Art.  2.3.  £j  must  be  taken  as  positive.  How- 
ever, if  we  travel  from  node  2  to  node  1 ,  we  go  from 
the  +ve  to  the  -ve  terminal  of  Ev  Hence,  when 


Reference  Ncwie 


viewed  from  node  2.  £\  is  taken  negative. 
For  node  I 


FiR.  2.62 


U  =  0  or  l\  =  IA  +  l\-  as  per  KCL, 


V.  +  E,-V~ 
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It  is  exactly  the  same  expression  as  given  under  the  First  Case  discussed  above  except  for  (he 
additional  terra  involving  Ey  This  additional  term  is  taken  as  +£3/i?2  (and  not  as  -  E3/R2)  Decause 
this  third  battery  is  so  connected  that  when  viewed  from  mode  1,  it  represents  a  rise  in  voltage.  Had 
it  been  connected  the  other  way  around,  the  additional  term  would  have  been  taken  as  -£,//?,. 
For  node  2 


Now,  as  before. 


/■,  +  I.  -  /;  =  0   or   /,  +  /j  =  /<;   -  as  per  KCL 


h  = 


,  -  E2~VB 
3"  *3 


5  *5 


B  _  VB 


On  simplifying,  we  get 


-U_L 


£2 


A 

R-, 


.(ft-) 


As  seen,  the  additional  terms  is  -£3//c2  (ant^  not  +  £3^2)  because  as  viewed  from  this  node,  £? 
represents  a /a//  in  potential. 

It  is  worth  repeating  thai  the  additional  term  in  the  above  Eq.  (i)  and  (ii)  can  be  either  +EJR-,  or 
-EJRj  depending  on  whether  it  represents  a  rise  or  fall  of  potential  when  viewed  from  the  node 
under  consideration. 


Example  2.33 

work  shown  in  Fig. 

Solution.  As  shown  in  the  figure  node  2  has 
been  taken  as  the  reference  node.  We  will  now  find 
the  value  of  node  voltage  V, .  Using  the  technique 
developed  in  Art.  2.10,  we  get 


Using  Node  voltage  method,  find  the  current  in  the  resistance  for  the  net- 
.63.  (Elect.  Tech,  Osmania  L  niv.  Feb.  1992) 

2Y  © 


i 


1+L+A 

5    2  2 


4 

1 


4  +  2 


=  0 


The  reason  for  adding  the  two  battery  voltages 
of  2  V  and  4  V  is  because  they  are  connected  in  -±- ,  y 
additive  series.  Simplifying  above,  we  get  Vj  =  8/3 
V.  The  current  flowing  through  the  3  Q  resistance 


towards  node  I  is  = 


6  -  (8/3)  =  2 
0  +  2)  3 


Alternatively 


Fig.  2.63 


6-V, 


=  =  0 


12- 2V,  +  20- 5V, 


7V,  = 


Also 


6-V,  4-V, 


H — 


12  -  2  V,  +  20 


2 

-5V 
12  V 


0 

32 

Yl 
2 

=  SVj 

=  32;  V,  =  8/3 


Example  2.34.  Frame  and  solve  the  node  equations  of  the  network  of  Fig.  2.64.  Heme,  find  the 
total  power  consumed  by  the  passive  elements  of  the  network.  (Elect.  Circuits  Nagpur  Univ.  1992 1 
Solution.  The  node  equation  for  node  1  is 


V,   1  +  1  + 


0.5 


V: 
0.5 


1 


82 


..-(/) 


15  V  T 


or    4V^,  -  2V2  =  15 
Similarly,  for  node  2,  we  have 

'^2    0.5  J   0.5     1  U 
or    4K, -7V2  =  -40  ...(/«) 

.-.        =  ]  I  volt  and  V,  =  37/4  volt 
Now, 

15-37/4   21  11-37/4 
=       ,     =^A=5.75A;/,=  =15  A 

14  05 

I4  =  5.75  +  3.5  =  9.25  A;  J3  =  =  9  A  ;  /,  =  9  -  3.5  =  5.5  A 

The  passive  elements  of  the  net- 
work are  its  five  resistances.  Total 
power  consumed  by  them  is  =  5.75"  x 
I  +  3.52  x  0.5  +  92  x  I  +  9.252  x  1 
+  5.52  x  2  =  266.25 

Example  2.35.  Find  the  hram  h  E\~J 
currents  in  the  curcuil  of  Fig.  2.65  by 
using  (/)  nodal  analysis  and  til)  loop 
analysis. 

Solution,  (i)  Nodal  Method 

The  equation  for  node  A  can  be 
written  by  inspection  as  explaine  in  Art. 
2-12. 
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21)  V 


Datum  Node 

fig,  2.64 


Fig.  2.65 


(  1       1       I  }    E,     VR  E, 


/?|  /?-)  /fj     J         /?[  R-y  R-i 


Substituting  the  given  data,  we  get. 


.to 


For  node  B,  the  equation  becomes 


1 


+  —-+-=- 


1  £, 


-_d  I=o 


"   2    4    4      4      2  2 


y 


Mi) 


From  Eq.  (i)  and  (ii).  we  get, 


—  V  V  =  —  1/ 

£,  -  ^  _  6  -  4/3 


&Vt 


Va  +  ^~vb  _(4/3)  +  5-(17/3)_  1 
/t2  2  3 

Ei-V'f,  _  ID  -  17/3  _  13 
R,  4  12 


TlOV 


Fig.  2.66 


17/3 


17 
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OS)  L(M>p  Current  Method 

Let  the  direction  of  flow  of  the  three  loop  currents  be  as  shown  in  Fig.  2.66. 
Loop  ABKA  : 

-67, -3(7,-/2)  +  6  =  0 

or  %~h  =  2 

Loop  BCEFB  : 

+  5  -  27,  -  4(/2  -  7,)  -  3  (72  -  /,)  =0 

or  371-9/2  +  4/3  =  -5 

LMftCDEC: 

-  4/,  -  10  -  4  (7,  -  /2)  =0    or    27,  -  47,  =  5 
The  matrix  form  of  the  above  three  simultaneous  equations  is 

"3-1  0l 


...(0 

..00 
.(in) 


A,= 


3 

-1 

0 

2 

3 

-9 

4 

y 

5 

0 

2 

-4 

z 

5 

2 

1 

0 

3 

2 

5 

-9 

4 

56;  A, 

3 

-5 

5 

2 

-4 

1 

5 

0 


9  4  =84-12-0  =  72 
2  -4 


=  24;  A,  = 


3-1  2 
3  -9  -5 
0      2  5 


=  -78 


/,  =  A/A  =  56/72  =  7/9  A;  72  =  Aj/A  =  24/72  =  1/3  A 

f3  =  A3/A  =  - 78/72  =  -  13/12  A 
The  negative  sign  of  h  shows  that  it  is  flowing  in  a  direcion  opposite  to  that  shown  in  Fig.  2.64 
i.e.  it  flows  in  the  CCW  direction.  The  actual  directions  are  as  shown  in  Fig.  2.67. 
The  various  branch  currents  are  as  under : 

/    =/  =  7/9A;7flF=7|-/2=l-I=|A 


J  A5  ict 


I    =  7  3»A 


/  +/ 

1     3    3  12' 


17 
12 


10V 


Solution  by  Using  Mesh  Resistance  Matrix 
From  inspection  of  Fig.  2.67,  we  have 

R\  1  =9;  7f2,  =  9;  7?,,  =  8 


Fig.  2.67 


7fl2  - 


7f[i  7f|, 


"21 

L^31 


*32 


*23 
?33J 


=  -  3  Q  ;  T?^  =  7?3,  =  -  4  ft;  K13  =      =  0  ft 


9-3  0 
-3      9  -4 
0-4  8 


E 

.   =  6V; 

h 

h 

': 

or 

h. 

6" 

5 

L73 

-10 

A  = 


A,  = 


A2  = 


9 

-3 

0 

3 

9 

-4 

i) 

-4 

8 

6 

-3 

0 

5 

9 

-4 

10 

-4 

8 

9 

6 

0 

3 

5 

-4 

0 

-10 

8 

=  9(72-16)  +  3(-  24)  =  432 
=  6(72  - 16)  -  5(-  24)  - 10(12)  =  336 
=  9  (40 -40) +  3(48)  =  144 


S4 
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A3  = 


9-3  6 
-3      9  5 
0    -4  -10 


=  9(-  90  -  90)  -  3(30  +  24)  =  -  468 


/,  =  A,/A  =  336/432  =  7/9  A 
/,  =  AVA  =  144/432  =  1/3  A 
/3  *  Aj/A  =  -  468/432  =  -  13/12  A 
These  are  the  same  values  as  found  above. 

2.13.  Nodal  Analysis  with  Current  Sources 

Consider  the  network  of  Fig.  2.68  (a)  which  has  two  current  sources  and  three  nodes  out  of 
which  1  and  2  are  independent  ones  whereas  No.  3  is  the  reference  node. 

The  given  circuit  has  been  redrawn  for  ease  of  understanding  and  is  shown  in  Fig.  2.68  (b).  The 
current  directions  have  been  taken  on  the  assumption  that 

1 .  both  V,  and  V-,  are  positive  with  respect  to  the  reference  node.  That  is  why  their  respective 
curems  flow  from  nodes  I  and  2  to  node  3. 

2.  V|  is  positive  with  respect  to     because  current  has  been  shown  flowing  from  node  1  to 
node  2. 

A  positive  result  will  confirm  out  assumption  whereas  a  negative  one  will  indicate  that  actual 
direction  is  opposite  to  that  assumed. 


 MA^  « 

T 

> 

3 

(b) 

) 

We  will  now  apply  KCL  to  each  node  and  use  Ohm's  law  to  express  branch  currents  in  terms  of 
node  voltages  and  resistances. 
Nude  1 


/,-/,-  /3  =  0    or    /|  =  /j  +  /3 


Now 


Node  2 


V  V  -  V 

LL     ^d  I.=1S—11 

I?  3o 


or  V.f-U-I 


*,  1 


..-(0 


/,  -/2-/4  =  0    or    /,»/,  +  It 


Now, 


V,                  V  —V 
I,  =  ■=*■    and    /  s  _!  L  -  as  before 

Ri  3      -  /f. 


^  '  i  .  i  )  v,  . 


(«) 


"3  2  *2 

The  above  two  equations  can  also  be  written  by  simple  inspection.  For  example,  Eq.  (0  is 
represented  by 
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1.  product  of  potential  V,  and  (1//?,  +  1-  R})  i.e.  sum  of  the  reciprocals  of  the  branch  resis- 
tances connected  to  this  node. 

2.  minus  the  ratio  of  adjoining  potential  V,  and  the  interconnecting  resistance  Ry 

3.  all  the  above  equated  to  the  current  supplied  by  the  current  source  connected  to  this  node. 
This  current  is  taken  positive  if  flowing  into  the  node  and  negative  if  flowing  out  of  it  (as  per 

sign  convention  of  Art.  2.3).  Same  remarks  apply  to  Eq.  (if)  where  /,  has  been  taken  negative 
because  it  flows  away  from  node  2. 

In  terms  of  branch  conductances,  the  above  two  equations  can  be  put  as 
V}  (0,  *  G3)  -  V-.G,  =  /,    and    V,  (G2  +  G3)  -  V,G3  =-/2 

Example  2.36.  Use  nodal  analysis  method  to  find  currents  in  the  anions  resistors  of  the  circuit 
slnnvn  in  Fig.  2.69  («). 

Solution.  The  given  circuit  is  redrawn  in  Fig.  2.66  (b)  with  its  different  nodes  marked  1 ,  2,  3 
and  4,  the  last  one  being  taken  as  the  reference  or  datum  node.  The  different  node- voltage  equations 


are  as  under 
Node  1 
or 

Node  2 
or 

Node  j 
or 


1  +  i  +  _ 

2  2    10  J    2  10 

11^,-5^-^-280  = 

*(K+iH-t  ■ 

5V,  -  17  V,+  10  V3  = 

3{4  10  j  1  10 
V,  +  10  V2  -  13.5  V3  -  20 

AW 


8 
0 

=  0 
=  0 
=  -2 
=  0 


.(0 


.(//)] 


Fig.  2.69 

The  matrix  form  of  the  above  three  equations  is 


Datum  Node 

m 


A  = 


A,  = 


A  i  = 


1 1 

-5 

1 

5 

-17 

10 

1 

10 

—  1 3-5  J 

"ll 

-5 

1 

5 

-17 

10 

1 

10 

-13.5 

280 

-5 

-1 

0 

-17 

10 

20 

10 

-13.5 

11 

-5 

280 

5 

-17 

r: 

1 

10 

20 

X 

"280" 

y 

0 

z 

20 

=  1424.5-387.5-67=970 


=  34,920,  A,  = 


I  I 

5 
1 


280 
0 


-1 
10 


=  19,400 


20  -13.5 


=  15.520 
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V,  = 


970  A 


!9^  =  20V.V,=^  =  1^2G=16V 
A  970 


A       970      "  "        A       970      "  "  3 
[t  is  obvious  that  aJI  nodes  are  al  a  higher  potential  with  respect  to  the  datum  node.  The  various 
currents  shown  in  Fig.  2.69  (b)  can  now  be  found  easily. 

/,  =  VJ2  =  36/2  =  18  A 
I2  =  ( V,  -  V2V2  =  (36  -  20V2  =  8  A 
/3  =  (V,  -  V3)/t0  =  (36  -  16V10  »  2  A 
It  is  seen  that  total  current,  as  expected,  is  18  +  18  +  2=  28  A 

i4  =  (V2  -  VjVl  =  (20  -  16)/1  =  4  A 

/5  =  VV5  =  20/5  =  4  A./6  =  Vj/4  =  16/4  =  4  A 

Example  2.37.  I'sina  nodal  analysis,  find  the  different  branch  currents  in  the  circuit  of  Fig. 
2.70  (a).  All  branch  conductances  are  in  Siemens  {i.e.  mho). 

Solution.  Let  the  various  branch  currents  be  as  shown  in  Fig.  2.70  (b).  Using  the  procedure 
detailed  in  Art.  2.11,  we  have 
First  Node 

V,  (I  +  2)  -  K,  x  I-  V,  =  -  2    or    3V,  -  V2  -  2V,  =  -  2 
Second  Node 

V2(l+4)-Vxl  =5    or  V,-5V2=-5 

Third  Node 


V3(2  +  3)- V,  x  2  =  -5    or  2V, 


5V3  =  5 


...(/) 
...00 

-cao 


2S 

^AM/V- 


(a) 


0.2A 


M 

Fig.  2.71) 

Solving  for  the  different  voltages,  we  have 

V.  =  -|v.V2  =  2-  VandV,=-fv 
1          2       2    10  3  5 

/(  =  (V,  -  Vj)  x  I  =(-  1.5  -  0.7)  x  1  =  -  2.2  A 

h  =  (Vj-V,)x2  =  [-1.6-(-l.5)]x2=-'».2  \ 

/4  =  V2x4  =  4x  (7/10)=  2.8  A 

/3  =  2  +  2.8  =  4.8  A 

As  seen,  /,  and  I2  flow  in  directions  opposite  to  those  origi- 
nally assumed  (Fig.  2.71). 


Fig.  2.71 
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Example  2.38.  Find  the  current  I  in  Fig.  2.72  (a)  by  changing  the  two  voltage  sources  but)  their 
equivalent  current  sources  and  then  using  Nodal  method.  All  resistances  are  in  ohms. 

Solution.  The  two  voltage  sources  have  been  converted  into  their  equivalent  current  souces  in 
Fig.  2.72  (b).  The  circuit  has  been  redrawn  as  shown  in  Fig.  2.72  (<r)  where  node  No.  4  has  been 


CD 

(a)  (b) 

Fig.  2.72 

taken  as  the  reference  node  or  common  ground  for  all  other  nodes.  We  will  apply  KCL  to  the  three 
nodes  and  taken  currents  coming  towards  the  nodes  as  positive  and  those  going  away  from  them  as 
negative.  For  example,  current  going  away  from  node  No.  I  is  (V(  -  vy/l  and  hence  would  be  taken 
as  negative.  Since  4  A  current  is  coming  towards  node  No.  I,  it  would  be  taken  as  poisitive  but  5  A 
current  would  be  taken  as  negative. 

(Vi-0)   (v,-v;)  (v,-v3) 


Node  1 
or 

Node  2 
or 

Node  3 
or 


I 


I 


1 

3  V,  -  V2  -  V,  =  1 
_  (V^-_^_  (V2 -VJ  (V2-V|) 

I  1 

V,-3V2+V3  — 2 

cv3~o)  (v?-v,)  <y3 

1 


-5+4=0 


I 


V,) 


v1  +  v2 


i 

w3  =  1 


I 


+5-3=0 


-4+3=0 


.(0 


W 


The  matrix  form  of  the  above  three  equations  is 


~3 

-1 

-1" 

*i 

-1 

1 

-3 

1 

-2 

1 

1 

-3 

1 

A  = 


A,  = 

V2  = 
/  = 


-1 

3 
I 

- 1 

2 
1 


-  I 
1 

-3 

-  I 
I 

-3 


=  3(9-l)-l(3  +  l)+l(-l-3)  =  16 
-  3(6- I)-l(3+l)+ K- 1-2) =8 


A7A  =  8/16  =  0.5  V 

Vyi  *  0.5  A 


Example  2.39.  Use  Nodal  analysis  to  determine  the  value  of  current  i  in  the  network  of  Fig. 

2.73. 

Solution.  We  will  apply  KCL  to  the  two  nodes  1  and  2.  Equating  the  incoming  currents  at  node 
I  to  the  outgoing  currents,  we  have 


XX 
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6  = 


4  8 

As  seen,  i  -  V/8,  Hence,  the  above  equation  becomes 

4        8  8 
or    3V,  -  V,  =  24 
Similarly,  applying  KCL  to  node  No.  2,  we  get 

^r+3-T or  -^+3  i=Tor  W|=2V> 


6A 


0 


JWV^ 
4 


© 


Fi}>.  2.73 


From  the  above  two  equations,  we  get 

V,  =  16  V    .-.    im  16/8  =  2  A. 
Example  2.40.  Using  Nodal  analysis,  find  the  node  voltages  V,  and  V,  in  Fig.  2.74. 
Solution.  Applying  KCL  to  node  I,  we  get 
(V,-V,) 


0 


or  3V,  -V2  =42  ...(/) 

Similarly,  applying  KCL  to  node  2,  we  get 

6        15  10 

or  V,  -  2  V,  =  -6... (//) 

Solving  for  V,  and  V,  from  Eqn.  (i)  and  ((/),  we  get 

12  V. 


© 


6 


15. 


10 


V,  =  18  V  and  V, 


2.14.  Source  Conversion 


X 


Fig.  2.74 


A  given  voltage  source  with  a  series  resistance  can  be  converted  into  (or  replaced  by)  and 
equivalent  current  source  with  a  parallel  resistance.  Conversely,  a  current  source  with  a  parallel 
resistance  can  be  converted  into  a  vaollage  source  with  a  series  resistance.  Suppose,  we  want  to 
convert  the  voltage  source  of  Fig.  2.75  (a)  into  an  equivalent  current  source.  First,  we  will  find  the 
value  of  current  supplied  by  the  source  when  a  short'  is  put  across  in  termials  A  and  B  as  shown  in 
Fig.  2.75  ib).  This  current  is  /  =  V/R. 


R 


-OA 


0 


-oB 


(a)  (b) 

Fig.  2.75 

A  current  source  supplying  this  current  /  and  having  the  same  resistance  R  connected  in  parallel 
with  ii  represents  the  equivalent  source.  It  is  shown  in  Fig.  2.75  U  ).  Similarly,  a  current  source  of  I 
and  a  parallel  resistance  R  can  be  converted  into  a  voltage  source  of  voltage  V  =  1R  and  a  resistance 
R  in  series  with  it  It  should  be  kept  in  mind  that  a  voltage  source-series  resistance  combination  is 
equivalent  to  (or  replaceable  by)  a  current  source-parallel  resistance  combination  if,  and  only  if  their 
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1.  respective  open-circuit  voltages  are  equal,  and 

2.  respective  short-circuit  currents  are  equal. 

For  example,  in  Fig.  2.75  (a),  voltage  across  terminals  A  and  B  when  they  are  open  ( i.e.  open- 
circuit  voltage  V^)  is  V  itself  because  there  is  no  drop  across  R.  Short-circuit  current  across  AB  =  / 
=  V/R. 

Now,  take  the  circuit  of  Fig.  2.75  (c).  The  open-circuit  voltage  across  AB  =  drop  across  R  =  IR 
=  V.  If  a  short  is  placed  across  AB,  whole  of  /  passes  through  it  because  R  is  completely  shorted  out. 

Example  2.41.  Cornea  the  votlage  source  of  Fig.  2.73  (a)  into  an  equivalent  current  source. 

Solution.  As  shown  in  Fig  2.76  (b),  current  obtained  by  putting  a  short  across  terminals  A  and 
B  is  10/5  =  2  A. 

Hence,  the  equivalent  current  source  is  as  shown  in  Fig.  2.76  (c). 

sn  so 

— V\AA  OA  |  A/W  9'1       i  1  OA 


6 


10  V 


O 


10  V 


l  =  2A 


-OS 


6  B 


no 


-OB 


-OA 


in 


o  I 


20 


(b) 

Fig.  2.76 

Example  2.42.  Find  the  equivalent  voltage  source  for  the  current  source  in  Fig.  2.77  la). 

Solution.  The  open-circuil  voltage  across 
terminals  A  and  B  in  Fig.  2.77  (a)  is 
Voc  =  drop  across  R 
=  5  x2  =  10  V 

Hence,  voltage  source  has  a  voltage  of  1(1  V 
and  the  same  resistance  of  2  £2  through  connected 
in  series  ( Fig.  2.77  (b)\. 

Example  2.43.  Use  Source  Conversion  tech- 
nique tt>  fi»d  the  loiui  current  I  in  lite  circuit  of 

Fig.  2.7X{u).  • 

Solution.  As  shown  in  Fig.  2.78  (b).  6-V  voltage  source  with  a  series  resistance  of  3  il  has-been 
converted  into  an  equivalent  2  A  current  source  with  3  t2  resistance  in  parallel. 


- 


-aB 


-OB 


(a) 


lb: 


Fig.  2.77 


r—Wf  i 


(> 


B 


-Wc- 


3A 


1 

^VW — i 


A 


(T)       «l|3    (j2A    |3        h    3aQ)  R, 


I 

-WA — i 


(b) 


Fig.  2.78 
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The  two  parallel  resistances  of  3  £2  and  6  £2  can  be  combined  into  a  single  resistance  of  2  £2  as 
shown  in  Fig.  2.79.  (a) 

The  two  current  sources  cannot  be  combined  together  because  of  the  2  £2  resistance  present 
between  points  A  and  C  To  remove  this  hurdle,  we  convert  the  2  A  current  source  into  the  equiva- 
lent 4  V  voltage  source  as  shown  in  Fig.  2.79  (b).  Now,  this  4  V  voltage  source  with  a  series 
resistance  of  (2  +  2)  =  4  £2  can  again  be  converted  into  the  equivalent  current  source  as  shown  in  Fig. 
2.80  (a).  Now,  the  two  current  sources  can  be  combined  into  a  single  4-A  source  as  shown  in  Fig. 
2.80  (ft). 


Fig.  2.79 


— — 'VW — | 

'[)4A  : 

(hi 

(a) 

Fig.  2.80 

The  4-A  current  is  divided  into  two  equal  parts  at  point  A  because  each  of  the  two  parallel  paths 
has  a  resistance  of  4  £2.  Hence  /,  =  2  A. 

Example  2.44.  Calculate  the  direction  and  magnitude  of  the  current  through  the  5  LI  resistor 
between  points  A  and  B  of  Fit;.  2. SI  \a)  by  using  nodal  voltage  method. 

Solution.  The  first  thing  is  to  convert  the  voltage  source  into  the  current  sources  as  shown  in 
Fig.  2.81  {b).  Next,  the  two  parallel  resistances  of  4  £2  each  can  be  combined  to  give  a  single 
resistance  of  2  £2  ( Fig.  2.82  (a)].  Let  the  current  directions  be  as  indicated. 


no 


lb) 


Fig.  2.81 
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Applying  the  nodal  rule  to  nodes  1  and  2,  we  get 
Node  1 

'  i  ,  n  v> 


Node  2 


(H) 


=  5    or   IV.  -  2V,  =  50 


=  -  I    or    V,  -  2V2  =  5 
Solving  for  V,  and  V,.  we  get  Vj  =     V  and  V2  =  —  V. 


K-V,  15/2-5/4 


=  1.25  A 


10  A 


Fig.  2.82 

Similarly,  /,  =  V,/2  =  15/4  =  3.75  A:  /3  =  VV5  =  5/20  =  0.25  A. 
The  actual  current  distribution  becomes  as  shown  in  Fig.  2.79  (b) 

Example  2.45.  Kephu  r  the  given  network  hy  a  single 
current  si  nitre  in  parallel  with  o  resistance. 

[Bombay  University  2001 J 

Solution.  The  equivalence  is  expected  for  a  load 
connected  to  the  right-side  of  terminals  A  and  B.  In  this 
case,  the  votlage-source  has  no  resistive  element  in  se- 
ries. While  handling  such  cases,  the  3-ohm  resistor  has  20  V 
to  be  kept  aside,  treating  it  as  an  independent  and  sepa- 
rate loop.  This  voltage  source  will  circulate  a  current  of 
20/3  amp  in  the  resistor,  and  will  not  appear  in  the  calcu- 
lations. 


Fig.  2.83  ia) 


Fig.  2.83  (A) 


Fig.  2.83  (r ) 
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This  step  does  not  affeci  the  eurcuit  connected  to  A-B. 
Further  steps  are  shown  in  Fig.  2.83  (b)  and  (t  ) 

Tutorial  Problems  No.  2.3 

1.  Using  Maxwell's  loop  current  method,  calculate  the  output  voltage  V,  for  the  curcuits  shown  in  Fig. 
2.84.  [lo )  4  V  ib  |  -  150/7  V  ic)  Va  =  0  «/)  V„  =  0] 


CP 


(>A  i: 


3  A 


-O- 


Fig.  2.84 

2.  Using  nodal  voltage  method,  find  the  magnitude  and  direction  of  current  /  in  the  network  of  Fig.  2.85. 


5       K      10  V> 


Fig.  2,85  Fig.  2.86 

3.  By  using  repeated  source  transformations,  find  the  value  of  voltage  v  in  Fig.  2.87  u»- 
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Fig.  2.87 
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4.  Use  source  transformation  technique  to  find  the  current  flowing  through  the  2  fl  resistor  in  Fig. 
2.87  (ft).  [lflA] 

5.  With  the  help  of  nodal  analysis,  calculate  the  values  of  nodal  voltage  V,  and  V,  in  the  circuit  of 
Fig.  2.86.  *[7.1  V;  -3.96  V| 

6.  Use  nodal  analysis  to  find  various  branch  currents  in  the  circuit  of  Fig.  2.88. 

|  Hint  :  Check  by  source  conversion.)  \lar  =  2  A;  ltib  =  5  A,  /fe  =  Oj 

0.2S  h 


Fig.  2.88  Fig.  2.89 

7.  With  the  help  of  nodal  analysis,  find  V,  and  V'.,  and  various  branch  currents  in  the  network  of  Fig.  2.85. 

15  V.  2.5  V;  tm  =  2.5  A;  £  =  0.5  A;  ffc  =  2.5  A| 

8.  By  applying  nodal  analysis  to  the  circuit  of  Fig.  2.90.  find  iuit  /w  and       All  resistance  values  are  in 

22  .  ,       10  .   .  8 


■  ■lulls 


[Hint.  :  ]i  would  be  helpful  to  convert  resistance  into  conductances.! 
9.  Using  nodal  voltage  method,  compute  the  power  dissipated  in  the  9-tl  resistor  of  Fig.  2.91.  |81  \\  \ 


i — AAA — < 

i — AAA/1 — ! 

i  

y6A  I 

•0.25  < 

*0.5  \ 

•0.25  Q 

®-  o 


d 

He  2.90  .  Fig.  2.9! 

i 

10.  Write  equilibrium  equations  for  the  network  in  Fig.  2.92  on  nodal  basis  and  obtain  the  voltage  V,,  V, 
and  Vy  All  resistors  in  the  network  are  of  I  £2.  [Network  Theroiy  and  Fields.  Madras  Univ.  1977] 

11.  By  applying  nodal  method  of  network  analysis,  find  current  in  the  1 5  fl  resistor  of  the  network  shown 
in  Fig.  2.93.  13.5  \|  [Elect.  Technology- 1 ,  Gwalior  Univ.  1977] 


T10V 


Fig.  2.92 


Fig.  2.93 
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2.15.  Ideal  Constant- Voltage  Source 

[i  is  that  voltage  source  {or  generator)  whose  output  voltage  remains  absolutely  constant  what- 
ever the  change  in  load  current.  Such  a  voltage  source  muat  possess  zero  internal  resistance  so  that 
internal  voltage  drop  in  the  soruce  is  zero.  In  that  case,  output  voltage  provided  by  the  source  would 
remain  constant  irrespective  of  the  amount  of  current  drawn  from  it.  In  practice,  none  such  ideal 
constant -voltage  source  can  be  obtained.  However,  smaller  the  internal  resistance  r  of  a  voltage 

source,  closer  it  comes  to  the  ideal  sources  described  above. 

A 


Fig.  2.94 

Suppose,  a  6-V  battery  has  an  internal  resistance  of  0.005  Q  [Fig.  2.94  (a)].  When  il  supplies  no 
current  i.e.  it  is  on  no-load,  VQ  =  6  V  i.e.  output  voltage  provided  by  it  at  its  output  terminals  A  and  B 
is  6  V.  If  load  current  increases  to  100  A.  internal  drop  =  100  x  0.005  =  0.5  V.  Hence,  V,  =  6-0.5 
=  5.5  V. 

Obviously  an  output  voltage  of  5.5  -  6  V  can  be  considered  constant  as  compared  to  wide 
variations  in  load  current  from  0  A  ot  100  A. 

2.16.  Ideal  Constant-Current  Source 

It  is  that  voltage  source  whose  internal  resistance  is  infinity.  In  practice,  il  is  approached  by  a 
source  which  posses  very  high  resistance  as  compared  to  that  of  the  external  load  resistance.  As 
shown  in  Fig.  2.94  {bl  let  the  6-V  battery  or  voltage  source  have  an  internal  resistance  of  I  M  Q  and 
let  the  load  resistance  vary  from  20  K  to  200  K.  The  current  supplied  by  the  source  varies  from 
6.1/1.02  =  5.9  u  A  to  6/1.2  =  5  p  A.  As  seen,  even  when  load  resistance  increases  10  times,  current 
decreases  by  0.9  |iA.  Hence,  the  source  can  be  considered,  for  all  practical  purposes,  to  be  a  con- 
stant-current source. 

2.17.  Superposition  Theorem 
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According  to  this  theorem,  if  there  are  a  number  of  e.m.fs.  acting  simultaneously  in  any  linear 
bilateral  network,  then  each  e.m.f.  acts  independently  of  the  others  i.e.  as  if  the  other  e.m.fs.  did  not 
exist.  The  value  of  current  in  any  conductor  is  the  algebraic  sum  of  he  currents  due  to  each  e.m.f. 
Similarly,  voltage  across  any  conductor  is  the  algebraic  sum  of  the  voltages  which  each  e.m.f  would 
have  produced  while  acting  singly.  In  other  words,  current  in  or  voltage  across,  any  conductor  of  the 
network  is  obtained  by  superimpsing  the  currents  and  voltages  due  to  each  e.m.f.  in  the  network.  It 
is  important  to  keep  in  mind  that  this  theorem  is  applicable  only  to  linear  networks  where  current  is 
linearly  related  to  voltage  as  per  Ohm's  law. 

Hence,  this  theorem  may  be  stated  as  follows  : 

In  a  network  of  linear  resistances  containing  more  than  one  generator  (or  source  of  e.m.f).  the 
current  which  flows  at  any  point  is  the  sum  of  all  the  currents  which  wolud  flow  at  that  point  if  each 
generator  where  considered  separately  and  all  the  other  generators  replaced  lor  the  lime  being  hy 
,  ■  ■  f'  resistances  equal  to  their  internal  resistacnces. 
 /VWAAA— r  AAAAAA— —  Explanation 


2.5  n 


In  Fig.  2.95  (a)  I,,  /,  and  /  represents  the  values  of 
currents  which  are  due  to  the  simulaneous  action  of 
the  two  sources  of  e.m.f.  Lnt  he  network.  In  Fig.  2.95 
are  shown  the  current  values  which  would  have 
I  £1       been  obtained  if  left-hand  side  battery  had  acted  alone. 
Similarly,  Fig.  2.96  represents  conditions  obtained 
when  right-hand  side  battery  acts  alone.  By  combin- 
ing the  current  values  of  Fig.  2.95  {h)  and  2.96  th  ac- 
Fig."2.96  values  of  Fig.  2.95  (a)  can  be  obtained. 

Obviously.  /,  =  /,'  -  I".  [2  -  I"  -/,'./  =  /'  +  /". 

Example  2.46.  In  Fig.  2.V5  la)  let  battery  e.m.fs.  be  6  V  and  12  V.  their  internal  resistances 
0.5  il  and  I  £1  The  values  of  other  resistanc  es  are  as  indicated.  Find  the  diff  erent  currents  flowing 
m  the  branches  tind  voltage  across  60-ohm  resistor. 

Solution.  In  Fig.  2.95  ft).  12-volt  battery  has  been  removed  though  its  internal  resistance  of 
I  fl  remains.  The  various  currents  can  be  found  by  applying  Ohm's  Law. 

It  is  seen  that  there  are  two  parallel  paths  between  points  A  and  B.  having  resistances  of  6  Q  and 
(2  +  D-3Q. 

equivalent  resistance        =  3 II 6=  2  Si 

Total  resistance  =  0.5  +  2.5  +  2  =  5  Q    .'.    /,'  =  6/5  =  1.2  A. 

This  current  divides  at  point  A  inversely  in  the  ratio  of  the  resistances  of  the  two  parallel  paths. 

/'  =  1 .2  x  (3/9)  =  0.4  A.    Similarly.  l{  =  1.2  x  (6/9)  =  0.8  A 

In  Fig.  2.96.  6  volt  battery  has  been  removed  but  not  its  internal  resistance.  The  various  currents 
and  their  directions  are  as  shown. 

The  equivalent  resistance  to  the  left  to  points  A  and  Bh  =  3\\6  =  2ci 

:.    total  resistance  =  1  +  2  +  2  =  5  £2         I"  =  1 2/5  =  2.4  A 

At  point  A.  this  current  is  divided  into  two  parts. 

T  =  2.4  x  3/9  =  0.8  A    I"  =  2.4  x  6/9  =  1.6  A 

The  actual  current  values  of  Fig.  2.95  (a)  can  be  obtained  by  superposition  of  these  two  sets  of 
current  values. 

/,  =  fj  -  I"  =  1.2  -  1.6  =  -  0.4  A  (it  is  a  charging  current) 
/,  =  /,"-"/,'  =  2.4  -0.8=  1.6  A 
/  =  /*  +  /""=  0.4  +  0.8=  1.2  A 
Voltage  drop  across  6-ohm  resistor  =  6  x  1 .2  =  7.2  V 
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Example  2.47.  B\  USkig  Superposition  Theorem,  find  the  current  in  resistance  R  shown  in  Fig. 
2.97  (a) 

ft,  =  0.1X15  ft.  Rz  =  0.004  ft.  R  =  I  ft.  £,  =  2.05  V.  £;  =  2. 1 5  V 
Internal  resistances  of  cells  are  negligible 

(Electronic  Circuits,  Allahabad  Univ.  1992i 
Solution.  In  Fig.  2.97  (h),  £-,  has  been  removed.  Resistances  of  I  Q  and  0.04  ft  are  in  parallel 
across  poins  A  and  C.  RAC  -  1  II  0.04  =  I  x  0.04/1 .04  =  0.038  £2.  This  resistance  is  in  series  with 
0.05  ft.  Hence,  total  resistance  offered  to  battery  £,  =  0.05.  0.038  =  0.088  ft.  /  =  2.05/0.088  =  23.3 
A.  Current  through  1-ft  resistance,  /,  =  23.3  x  0.04/1.04  =  0.896  A  from  C  to  A. 

When  £,  is  removed,  circuit  becomes  as  shown  in  Fig.  2.97  (c).  Combined  resistance  of  paths 
CBA  and  CDA  is  =  I  II  0.05  =  I  x  0.05/1.05  =  0.048  ft.  Total  resistance  offered  to  £,  is  =  0.04  + 
0.048  =  0.088  ft.  Current  /  =  2.15/0.088  =  24.4  A.  Again,  l2  =  24.4  x  0.05/1.05  =  1.16  A. 


0.03         .2.05  V 


0.04 


,2.15  V, 


R=  1 

 vw  

D 

fa)  fhj 

Fig.  2.97 

To  current  through  1  -ft  resistance  when  both  batteries  are  present 

=  /,  +/,  =0.896  +  1.16  =  2.056  A. 

Example  2.48.  Use  Superposition  theorem  to  find  current  I  in  the  circuit  shown  in  Fig. 
(a).  Ml  resistances  are  in  ohms.  (Basic  Circuit  Analysis  Osmania  Univ.  Jan/Feb  1992) 

Solution.  In  Fig.  2.98  (b),  the  voltage  source  has  been  replaced  by  a  short  and  the  40  A  current 
sources  by  an  open.  Using  the  current-divider  rule,  we  get  /,  =  120  x  50/200  =  30  A. 

In  Fig.  2.98  (e),  only  40  A  current  source  has  been  considered.  Again,  using  current -divider 
rule  /,  =  40  x  150/200  =  30  A. 

In  Fig.  2.98  id),  only  voltage  source  has  been  considered.  Using  Ohm's  law, 

/,  =  10/200  =  0.05  A. 


Since  /,  and  l2  cancel  out,  /  =  /,  =  0.005  A. 
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Example  2.49.  Use  superposition  theorem  to  determine  the  voltage  v  m  the  network  of  Fis;. 

Solution.  A  seen,  there  are  three  independent  sources  are  one  dependent  source.  We  will  find 
the  value  of  v  produced  by  each  of  the  three  independent  sources  when  acting  alone  and  add  the  three 
values  to  find  v.  It  should  be  noted  that  unlike  independent  source,  a  dependent  source  connot  be  set 
to  zero  i.e.  it  cannot  be  'killed'  or  deactivated. 

Let  us  find  the  value  of  v,  due  to  30  V  source  only.  For  this  purpose  we  will  replace  current 
source  by  an  open  circuit  and  the  20  V  source  by  a  short  circuit  as  shown  in  Fig.  2.99  (b).  Applying 
KCL  to  node  I,  we  get 

(30- v,) 


6 

I  Wt- 


© 


5  A 


2 

*AA  1 


(b)  (c) 
Fig,  2.99 

Let  us  now  keep  5  A  source  alive  and  'kill'  the  other  two  independent  sources.  Again  applying 


KCL  to  node  1,  we  get,  from  Fig.  2.99  (c). 


v2         i\  (vJ3-v7) 


or   i  s  =  -  6  V 


Let  us  now  'kill'  30  V  source  and  5  A  source  and  find  v* 
due  to  20  V  source  only.  The  two  parallel  resistances  of  6 12 
and  3  12  can  be  combined  into  a  single  resistance  of  2  £2. 
Assuming  a  circulating  current  of  i  and  applying  KVL  to  the 
indicated  circuit,  we  get.  from  Fig.  2.100. 

-2i -20-21-1  (-20=0   or  i«6A 


— ^ — 

20  V 


Fig.  2,100 


Hence,  according  to  Ohm's  law,  the  component  of  v  that  i 
corresponds  to  20  V  source  is  vy  =  2  x  6  =  1 2  V.    .-.  v  =  v.  +  y.  +  ^  =  6  -  6  +  12  =  12  V. 

Example  2.50.  Using  Superposition  theorem,  find  the  current  through  the  40  W  resistor  of  the 
curaiit  thown  in  Fig.  2.101  ui\.  <F.Y.  Engg.  Pune  Univ.  May  1990) 

Solution.  We  will  first  conside  when  50  V  battery  acts  alone  and  afterwards  when  10-V  battery 
is  alone  is  the  circuit.  When  10-V  battery  is  replaced  by  short-circuit,  the  circuit  becomes  as  shown 
in  Fig.  2.101  (it).  It  will  be  seen  that  the  right-hand  side  5  12  resistor  becomes  connected  in  parallel 
with  40  12  resistor  giving  a  combined  resistance  of  5  II  40  =  4.44  12  as  shown  in  Fig.  101  (c).  This 
4.44  12  resistance  is  in  series  with  the  left-hand  side  resistor  of  5  12  giving  a  total  resistance  of 
(5  +  4.44)  =  9.44  12.  As  seen  there  are  two  resistances  of  20 12  and  9.44 12  connected  in  parallel.  In 
Fig.  2.101  (c)  current  /  =  50/9.44  =  5.296  A. 

At  point  A  in  Fig.  2.101  {b)  there  are  tv 
hence,  current  /  divides  between  them  as  pe 
through  the  40  12  resistor,  then 
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u  > 


h  = 


I  x  —5—  =  5.296  x~  =  0.589  A. 
5  +  40  45 


In  Fig.  2.102  (a  1.  10  V  battery  acts  alone 
because  50-V  battery  has  been  removed  and 
replaced  by  a  short-circuit. 

As  in  the  previous  case,  there  are  two 
parallel  branches  of  resistances  20  ft  and  9.44 
Si  across  the  10-V  battery.  Current  /  through 
9.44  ft  branch  is  /  =  1 0/9.44  =  1 .059  A.  This 
current  divides  at  point  B  between  5  ft  resis- 
tor and  40  ft  resistor.  Current  through  40  ft 
resistor  /,  =  1.059  x  5/45  ■  0.1 18  A. 


10  \ 


Fig.  2.1(12 
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According  10  the  Superposition  theorem,  total  current  through  40  ft  resistance  is 
*/,+/,»  0.589  +  0.118  *  0.707  A. 

Example  2.51.  Solve  for  the  power  delivered  to  the  10  ft  resistor  in  the  circuit  Shown  in  Fig 
2. 103  («).  All  resistance  tire  in  ohms.  (Elect.  Science  -  I,  Allahabad  Univ.  1991 ) 

Solution.  The  4-A  source  and  its  parallel  resistance  of  15  ft  can  be  converted  into  a  voltage 
source  of  (15x4)  =  60  V  in  series  with  a  15  ft  resistances  as  shown  in  Fig.  2.10?  (h). 

Now,  we  will  use  Superposition  theorem  to  find  current  through  the  10  ft  resistances. 
When  60  -  V  Source  is  Removed 

When  60  -  V  battery  is  removed 
the  total  resistance  as  seen  by  2  V  bat- 
tery is  =  1  +  10  II  (15  +  5)  =  7.67  ft. 

The  battery  current  =  2/7.67  A  = 
0.26  A.  At  point  A,  this  current  is  di- 
vided into  two  parts.  The  current 
passing  through  the  1 0  ft  resistor  from 
A  to  B  is 

'1  = 

When  2-\  Batten  is  Removed 

Then  resistance  seen  by  60  V  battery  is  =  20  +  10 II  1  =  20.9  ft.  Hence,  battery  current  =  60/20.9 
=  2.87  A.  This  current  divides  at  point  A.  The  current  flowing  through  10  ft  resistor  from  A  to  B  is 

/:  =  2.87  x  1/(1  +  10)  =  0.26  A 
Total  current  through  10  ft  resistor  due  to  two  batteries  acting  together  is  =/,+/,  =  0  43  A. 
Power  delivered  to  the  10  ft  resistor  =  0.43"  x  10  =  1.85  W. 
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Example  2.52.  Compute  the  power  dissipated  in  the  9-W  resistor  of  Fig.  2.104  by  applying  the 
Superposition  principle.  The  voltage  and  current  sources  should  be  treated  as  ideal  sources.  All 
resistances  are  in  ohms. 

Solution.  As  explained  earlier,  an  ideal  constant-voltage  sources  has  zero  internal  resistances 
whereas  a  constant-current  source  has  an  infinite  internal  resistance. 
(/)   When  Voltage  Source  Acts  AJone 

This  case  is  shown  in  Fig.  2.104  (b)  where  constant-current  source  has  been  replaced  by  an 
open-circuit  i.e.  infinite  resitance  (An.  2.16).  Further  circuit  simplification  leads  to  the  fact  thai  total 
resistances  offered  to  voltage  source  is  =  4  +  (12  II  15)  =  32/3  Q  as  shown  in  Fig.  2.104  (c). 
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Fig.  2.104 

Hence  current  =  32  -r  32/3  =  3  A.  At  point  A  in  Fig.  2. 104  (d),  this  current  divides  into  two  pans. 
The  part  going  alone  AB  is  the  one  thai  also  passes  through  9  LI  resistor. 

/'  m  3x  12/(15+  12)  =  4/3  A 
(u)  When  Current  Source  Acts  Alone 

As  shown  in  Fig.  2.105  (a),  the  voltage  source  has  been  replaced  by  a  short-circuit  (Art  2.13 1. 
Further  simplification  gives  the  circuit  of  Fig.  2.015  ib). 


(a) 


Fig.  2.105 
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The  4  -  A  current  divides  into  two  equaJ  parts  at  point  A  in  Fig.  2. 105  (b).  Hence  /  =  4/2  *  2  A. 
Since  both  f  and  /"  flow  in  the  same  direction,  total  current  through  9-12  resistor  is 
/=/'  +  /"  =  (4/3)  +  2  =  (10/3)  A 
Power  dissipated  in  9  ft  resistor  =  I2  R  =  (  10/3)2  x  9  =  100  W 

Example  2.53km.  With  the  help  of  superposition  theorem,  obtain  the  value  of  current  I  and 
voltage  V0  in  the  circuit  of  Fig.  2.106  (a). 

Solution.  We  will  solve  this  question  in  three  steps.  First,  we  will  find  the  value  of  /  and  V(| 
when  current  source  is  removed  and  secondly,  when  voltage  sources  is  removed.  Thirdly,  we  would 
combine  the  two  values  of  /  and  V„  in  order  to  get  their  values  when  both  sources  are  present. 
First  Step 

As  shown  in  Fig.  2. 106  (b),  current  source  has  been  replaced  by  an  open-circuit.  Let  the  values 
of  current  and  voltage  due  to  10  V  source  be  /,  and  V0).  As  seen  /,  =  0  and  V())  =  10  V. 
Second  Step 

As  shown  in  Fig.  2.106  (c),  the  voltage  source  has  been  replaced  by  a  short  circuit.  Here 


l2  =  -  5  A  and      =  5  x  10  =  50  V. 


/ 


ion 

-VvV- 


15  CI 


-o  + 


15Q 


(^J)lOV 


5<D';  A 


10V 


(a)  fb)  (c) 

Fig.  2,106 

Third  Step 

By  applying  superposition  theorem,  we  have 

/  =  /,  +  /,  =  0  +  (-5)  =  -5  A 
vo  ■  voi  +  ^  =  10  +  50  =  60  V 

Example  2.53(fr).  Using  Superposition  theorem,  find  the  value  of  the  output  voltage  V„  in  the 
curcuit  of  Fig.  2. 107. 

Solution.  As  usual,  we  will  break  down  the 
problem  into  three  parts  involving  one  source  each. 

(a)  When  4  A  and  6  V  sources  are  killed* 
As  shown  in  Fig.  2. 108  («),  4  A  source  has  been 

replaced  by  an  open  circuit  and  6  V  source  by  a  short- 
circuit.  Using  the  current-divider  rule,  we  find  cur- 
rent i,  Oirough  the  2  Q.  resistor  =  6  x  1/(1  +2  +  3)  (}\{ 
=  1  A    .-.  "  V()1  =  I  x  2  =  2  V. 

(b)  When  6  A  and  6  V  sources  are  killed 
As  shown  in  Fig.  2. 108  ( fr),  6  A  sources  has  been 

replaced  by  an  open-circuit  and  6  V  source  by  a  short- 
circuit.  The  current  i,  can  again  be  found  with  the  _,  , 

"  Fig.  2.107 


The  process  of  setting  of  voltage  source  of  zero  is  called  killing  the  sources. 
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help  of  current-divider  rule  because  there  are  two  parallel  paths  across  the  current  source.  One  has 
a  resistance  of  3  ft  and  the  other  of  (2  +  1)  =  3  ft.  It  means  that  current  divides  equally  at  point  A. 

Hence,  i2  =  4/2  =  2  A         V02  =  2  x  2  =  4  V 

■  (  )  When  ti  A  and  4  A  sauces  are  killed 

As  shown  in  Fig.  2. 1 08  (c),  drop  over  2  ft  resistor  =  6  x  2/6  =  2  V.  The  potential  of  point  B  with 
respect  to  point  4is  =  6-  2=  +  4V.  Hence  ,  V03  =  -  4  V. 


3ft 
-AAAV- 


6A  5i  a 


2ft; 


'01 


(a)  m 
Fig.  2.108 

According  to  Superposition  theorem,  we  have 

vi>  =  V»+V*+y*  =  2  +  4-4  =  2  V 
Example  2.54.  Cfiw  Superposition  theorem,  to  find  the  voltage  V  in  Fig.  2.109  un. 
40  4  ,12  V  40  4  sc 

— ^AAA— i  , — WW  >  o.i      i  V\AA— i  p-VW  c—o- 


15  V 


hi; 


I2.5A 


-OB 


O.-f 


Off 


W  Fig.  2.109 

Solution.  The  given  circuit  has  been  redrawn  in  Fig.  2. 109  (fe)  with  15  -  V  battery  acting  alone 
while  the  other  two  sources  have  been  killed.  The  12  -  V  battery  has  been  replaced  by  a  short-circuit 
and  the  current  source  has  been  replaced  by  an  open-circuit  (O.C)  (Art.  2.19).  Since  the  output 
terminals  are  open,  no  current  flows  through  the  4  ft  resistor  and  hence,  there  is  no  voltage  drop 
across  it.  Obviously  V,  equals  the  votlage  drop  over  1 0  ft  resistor  which  can  be  found  by  using  the 
voltage-divider  rule. 

V,  =  15  x  10/(40  +  50)  =  3  V 
Fig.  2.1 10  (ii)  shows  the  circuit  when  current  source  acts  alone,  while  two  batteries  have  been 
killed.  Again,  there  is  no  current  through  4  ft  resistor.  The  two  resistors  of  values  10  ft  and  40  ft  are 
in  parallel  across  the  current  source.  Their  combined  resistances  is  10  II  40  =  8  ft 

40  4         c-  40  4         .12  V 


10 


0 


sc 

■AfW^—o—o- — o.-j  o- 


2.5A 


(a) 


—OB  6- 
Fig.  2.110 
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V2  =  8  x  2.5  =  20  V  with  point  A  positive. 
Fig.  2.1 10  (b)  shows  the  case  when  12  -V  battery  acts  alone.  Here.  V,  =  -  1 2  V*.  Minus  sign 
has  been  taken  because  negative  terminal  of  the  battery  is  connected  to  point  A  and  the  positive 
terminal  to  point  B.  As  per  the  Superposition  theorem, 

V  =  V,  +  V2  +  V,  =  3  +  20  -  12  =  1 1  V 

Example  2.55.  Apply  Superposition  theorem  to  the  circuit  of  Fig.  2.107  la)  for  finding  the 
voltage  drop  V  across  the  5  Q  resistor. 

Solution.  Fig.  2.111  (b)  shows  the  redrawn  circuit  with  the  voltage  source  acting  alone  while 
the  two  current  sources  have  been  'killed'  i.e.  have  been  replaced  by  open  circuits.  Using  voltage- 
divider  principle,  we  gel 

V,  =  60  x  5/(5  +  2  +  3)  =  30  V.  Ii  would  be  taken  as  positive,  because  current  through  the  5  Q 
resistances  flows  from  A  to  B,  thereby  making  the  upper  end  of  the  resistor  positive  and  the  lower 
end  negative. 

\6A 


e5 


o.c. 


2 


2 


2A 


+ 

v; 


60  V 


6 

O.C. 
o 


60  V 


8 


IS 


(a)  (b) 
ffe  2.111 

Fig.  2.112  (a)  shows  the  same  circuit  with  the  6  A  source  acting  alone  while  the  two  other 
sources  have  been  'killed'.  It  will  be  seen  that  6  A  source  has  to  parallel  circuits  across  it,  one  having 
a  resistance  of  2  ft  and  the  other  (3  +  5)  =  8  ft.  Using  the  current-divider  rule,  the  current  through  the 
5  ft  resistor  =  6  x  2/(2  +  3  +  5)  =  1.2  A. 


O.C. 


Fig.  2.112 


Because  Fig.  2.1 10  ih)  resembles  a  voltage  source  with  an  internal  resistance  =  4  +  10  II  40  =  12  ii  and 
which  is  un  open-cincuil 
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V-,  =  1 .2  x  5  =  6  V.  It  would  be  taken  negative  because  current  is  flowing  from  B 10  A.  i.e. 
point  B  is  at  a  higher  potential  as  compared  to  point  A.  Hence,  V2  — —  6  V. 

Fig.  2. 1 12  <£>)  shows  the  case  when  2- A  source  acts  alone,  while  the  other  two  sources  are  dead. 
As  seen,  this  current  divides  equally  at  point  B.  because  the  two  parallel  paths  have  equal  resistances 
of  5  fleach.  Hence,  V}  =  5  x  I  =  5  V.  It  also  would  be  taken  as  negative  becuase  current  flows  from 
B  to  A.  Hence,  V,  = -  5  V. 

Using  Superposition  principle,  we  get 

V  =      +  V,  +  V,  =  30  -  6  -  5  =  19  V 
Example  2.56.   (/;)   Determine  using  superposition  theorem,  the  voltage  across  the  4  ohm 
resistor  shown  in  Fig.  2.113  (</)  [Nagpur  University.  Summer  2000) 

(3      F  B 


2  ohm 


S  nhin 


10  V 


;  i 

:  1  ohm 

.-  + 

Amp 


10  V 


|  MWvV->  ' 

2  ohm  > 

i-^WAW — i 

,  | !  8  ohm  i 

i  a 

:  4  ohm  i 

•2  ohm 

G 

Fig.  2.113(a)  Fig.  2.113(A) 

Solution.  Superposition  theorem  needs  one  source  acting  at  a  time. 
Step  I :    De-acting  current  source. 

The  circuit  is  redrawn  after  this  change  in  Fig.  2. 1 13  {h) 

10  10 


4x(8  +  2) 


4  + (8 +  2) 
2.059x10  =  1.471 


40 
14 


=  2.059  amp 


14 


amp,  in  downward  direction 


Step  II  :   De-activate  the  voltage  source. 

The  circuit  is  redrawn  after  the  change,  in  Fig.  2.1 13  ic) 
With  the  currents  marked  as  shown. 
ld  =  2lt  relating  the  voltage  drops  in  Loop  ADC. 

2  ohm         n    8  ohm  L  c 


A 


10  V 


p* — AWMM  1 

k 

K 

'% 

>4  ohm  \ 

;2ohm  \ci 

i  ( 

B 


jj5  Amp 


G  H 
Fig.  2.113  (t  I 


Thus  lh  =  3  /,.. 

Resistance  of  parallel  combination  of 
2  and  4  ohms  =  |44  ■  1  333  Q 

2.  +  4 


Resistance  for  flow  of  Ih  =  8  +  1 .333  =  9.333  Q 
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The  5-amp  current  from  ihe  sources  gets  divided  into  !h  (=  3  /,.)  and     at  the  node  F. 

2,0 


/,  =  3/..= 


x5  =  0.8824 


2.0  +  9.333 
Ic  =  0.294  amp.  in  downward  direction. 
Step  III.  Apply  superposition  theorem,  for  finding  the  total  current  into  the  4-ohm  reistor 
=  Current  due  to  Current  source  +  Current  due  to  Voltage  source 
=  0.294  +  1.471  =  1.765  amp  in  downward  direction. 
( "heck,  hi  the  branch  AD, 

The  voltage  source  drives  a  current  from  A  to  D  of  2.059  amp,  and  the  current  source  drives  a 
current  of  ld  (=  2/( )  which  is  0.588  amp.  from  D  to  A. 
The  net  current  in  branch  AD 

=  2.059-0.588  =  1.471  amp  ...eqn,  (a) 

With  respect  to  O,  A  is  at  a  potential  of  +  10  volts. 
Potential  of  D  with  respect  to  O 

=  (net  current  in  resistor)  x  4 

=  1.765  x  4  =  +  7.06  volts 
Between  A  and  D,  the  potential  difference  is  (10  -  7.06)  volts 
Hence,  the  current  thro'  this  branch 


10-7.06 


=  1 .47  amp  from  A  to  D 


.eqn  (b) 


This  is  the  same  as  eqn.  (a)  and  hence  checks  the  result,  obtained  previously. 

Example  2.57.  Find  the  current  flowing  in  the  branch  XY  of  the  circuit  shown  in  Fit?.  2. 1 14  ia) 
by  superposition  theorem.  [Nagpur  University.  April  1996] 

Solution.  As  shown  in  Fig.  2.114  (b),  one  source  is  de-activated.  Through  series-parallel 
combinations  of  resistances,  the  currents  due  to  this  source  are  calculated.  They  are  marked  as  on 
Fig.  2.114  (b) 
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Fig.  2.114  (a) 
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Fig.  2.114(c) 
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In  the  next  step,  second  source  is  de-aclivated  as  in  Fig.  2.1 14  (c).  Through  simple  series 
parallel  resistances  combinations,  the  currents  due  to  this  source  are  marked  on  the  same  figure. 

According  to  the  super-position  theorem,  the  currents  due  to  both  the  sources  are  obtained  after 
adding  the  individual  contributions  due  to  the  two  sources,  with  the  final  results  marked  on  Fig. 
2. 1 14  (a).  Thus,  the  current  through  the  branch  XY  is  1.33  A  from  Y  to  X. 

Example  2.58.  Find  the  currents  in  till  the  resistors  hy  Superposition  theorem  in  the  circuit 
tftown  in  Fig.  2.115  Ui)   Calculate  the  power  consumed.  [Nagpur  University,  Nov.  19%) 

Solution.  According  to  Superposition  theroem,  one  source  should  be  retained  at  a  time,  deacti- 
vating remaining  sources.  Contributions  due  to  individual  sources  are  finally  algebraically  added  to 
get  the  answers  required.  Fig.  2. 1 15  (b)  shows  only  one  source  retained  and  the  resultant  currents  in 
all  branches/elements.  In  Fig.  2.1 15  (c),  other  source  is  shown  to  be  in  action,  with  concerned 
currents  in  all  the  elements  marked. 

To  get  the  total  current  in  any  element,  tow  component-currents  in  Fig.  2. 1 15  (b)  and  Fig.  2.15 
U  )  for  the  element  are  to  be  algebraically  added.  The  total  currents  are  marked  on  Fig.  2.1 15  (a). 
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All  resistors  are  in  ohms 
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Power  loss  calculations,  (i)  from  power  consumed  by  resistors  : 
Power  =  (0.7 1472  x  4}  +  (3.5122  x  2)+(2.8752  x  8)  =  92.86  watts 
(it)  From  Source-power. 
Power  =  10  x  3.572  +  20  x  2.857  =  92.86  watts 

Tutorial  Problems  No.  2.4. 

1    Apply  the  principle  or'  Superposition  to  the  network  shown  in  Fig.  2.1 16  to  find  out  the  current  in  the 
10  Q  resistance.  1(1.464  A  |  (F.Y.  Engg.  Pune  Univ.  May  1987) 

2.  Find  the  current  thr  ough  the  3  Q  resistance  connected  between  C  and  D  Fig.  2.1 17. 

U  A  from  C  to  I) |  (FT.  Engg.  Pune  Univ.  May  1989) 
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B 
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'  24  V  1 
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18  V 


D  D 
Fig.  2.116  Fig.  2.1 17  Fig.  2. 118 

3.  Using  the  Superposition  theorem,  calculate  the  magnitude  and  direction  of  the  current  through  each 
resistor  in  the  circuit  of  Fig.  2. 118.  [I,  =  6/7  A;  l2  =  1077  A:  1,  =  lh/7  ,\  | 

4.  For  the  circuit  shown  in  Fig.  2.1 19  find  the  cur-  4K  q 

rent  in  R  =  8  £1  resistance  in  the  branch  AB        i  *VM- 

using  superposition  theorem. 
[0.875  A]  [F.Y.  Engg.  Pane  Univ.  May  tWH) 

5.  Apply  superposition  principle  to  conpute  cur- 
rent in  the  2-ti  resistor  of  Fig.  2. 1 20.  All  rests-  -i-,^  v 
tors  are  in  ohms.  I  l,lh  =  5  A  | 

6.  Use  Superposition  theorem  to  calculate  the  volt- 
age drop  across  the  3  il  resistor  of  Fig.  2.121. 
All  resistance  values  are  in  ohms.  1 18  Y| 
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Fig.  2.120  Fig.  2.121 

7.  With  the  help  of  Superposition  theorem,  compute  the  current  lab  in  the  circuit  of  Fig.  2.122.  All 


resistances  are  in  ohms. 
10      „       5  u 


1 — wv^ 

 VvV — : 

*30V  3 

:10  « 

;s  ,2a( 

60A 


20A 


Fig.  2.122  Fig.  2.123 

8.  Use  Superposition  theorem  to  find  current  /—  in  the  circuit  of  Fig.  2. 1 23.  All  resistances  are  in  ohms. 

|100  A  | 

V.  Find  the  current  in  the  15  Q  resistor  of  Fig.  2.124  by  using  Superposition  principle.  Numbers  repre- 
sent resistances  in  obms.  1 2.8  A| 

10.  Use  Superposition  principle  to  find  current  in  the  10-Si  resistor  of  Fig.  2.125.  All  resistances  are  in 
ohms.  [I  A | 
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[  I,  State  and  explain  Superposition  theorem.  For  the  circuit  of  Fig.  2.126. 

(a)  determine  currents     /,  and  /.  when  switch  S  is  in  position  b. 

(b)  using  the  results  of  part  (a\  and  the  principle  of  superposition,  determine  the  same  currents  with 
switch  5  in  position  a. 

|(al  15  A,  10  A.  25  \  W\  11  A  ,  16  A.  27  A]  (Elect.  Technology  Vikram  Univ.  1978) 
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2.1  K   Nievenin  Theorem 

^  It  provides  a  mathematical  technique  for  replacing  a  given  network,  as  viewed  from  two  output 
terminals,  by  a  single  voltage  source  with  a  series  resistance,  [l  makes  the  solution  of  complicated 
networks  (particularly,  electronic  networks)  quite  quick  and  easy.  The  application  of  this  extremely 
useful  theorem  will  be  explained  with  the  help  of  the  following  simple  example. 


i  WA- 
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hi 
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[  i^.  2.127 

Suppose,  it  is  required  to  find  current  flowing  through  load  resistance  R, .  as  shown  in  Fig.  2. 1 27 
(a).  We  will  proceed  as  under  : 

1 .  Remove  RL  from  the  circuit  terminals  A  and  B  and  redraw  the  circuit  as  shown  in  Fig.  2. 1 27 
(b).  Obviously,  the  terminals  have  become  open-circuited. 

2,  Calculate  the  open-circuit  voltage  VM.  which  appears  across  terminals  A  and  B  when  they 
are  open  i.e.  when  RL  is  removed. 

As  seen,  Vifc  =  drop  across  R ,  =  IR2  where  /  is  the  circuit  current  when  A  and  B  are  open. 
E  ..  ER^ 


R.  +  /?-,  +  r 


V=1R, 


R.  +  R,  +  r 


[r  is  the  internal  resistance  of  batteryl 


It  is  also  called  "Thevenin  voltage'  Vlh. 

Now.  imagine  the  battery  to  be  removed  from  the  circuit,  leaving  its  internal  resistance  r 
behind  and  redraw  the  circuit,  as  shown  m  Fig.  2.127  {<-).  When  viewed  inwards  from 
terminals  A  and  B.  the  circuit  consists  of  two  parallel  paths  :  one  containing  A',  and  the 


After  the  French  engineer  M.L  Thevenin  ( 1 857-1926)  who  while  working  in  Telegraphic  Department 
published  a  statement  of  ihe  theorem  in  1893. 
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other  containing  (/?,  +  r). 
terminals  is  given  as 


The  equivalent  resistance  of  the  network,  as  viewed  from  these 
R2(Ri  +  r) 


This  resistance  is  also  called,  Thevenin  resis- 
tance Rsh  (though,  it  is  also  sometimes  written  as  Rt 
or  /c0). 

Consequentiy,  as  viewed  from  terminais  A  and 
B,  the  whole  network  (excluding  Jit)  can  be  reduced 
to  a  single  source  (called  Thevenin" s  source)  whose 
e.m.f.  equals  Vx  (or  Vsh)  and  whose  internal  resis- 
tance equals  Rsh  (or  Rt)  as  shown  in  Fig.  2.128. 
RL  is  now  connected  back  across  terminals  A  and  B 
from  where  it  was  temporarily  removed  earlier.  Cur- 
rent (lowing  through  RL  is  given  by 


Thevenin 
Source 


Fig.  2.128 


/  = 


It  is  clear  from  above  that  any  network  of  resistors  and  voltage  sources  (and  current  sources  as 
welli  when  viewed  from  any  points  A  and  B  in  the  network,  can  be  replaced  by  a  single  voltage 
source  and  a  single  resistance*  in  series  with  the  voltage  source. 

After  this  replacement  of  the  network  by  a  single  voltage  source  with  a  series  resistance  has 
been  accomplished,  it  is  easy  to  find  current  in  any  load  resistance  joined  across  terminals  A  and  B. 
This  theorem  is  valid  even  for  those  linear  networks  which  have  a  nonlinear  load. 

Hence,  Thevenin  s  theorem,  as  applied  to  d.c.  circuits,  may  be  stated  as  under : 

The  current  flowing  through  a  load  resistance  RL  connected  across  any  m  o  terminals  A  and  B 
of  a  linear,  active  bilateral  network  is  given  by  VM  II  (R(  +  RL)  where  V^.  is  the  open-circuit  voltage 
(i.e.  voltage  across  the  two  terminals  when  RL  is  removed)  and  Rl  is  the  internal  resistance  of  th£ 
network  as  viewed  back  into  the  open-circuited  network  from  terminals  A  and  B  with  all  voltage 
sources  replaced  by  their  internal  resistance  (if  any)  and  current  sources  by  infinite  resistance. 

2,19.  How  to  Thevenize  a  Given  Circuit  ? 

1.  Temporarily  remove  the  resistance  (called  load  resistance  RL)  whose  current  is  required. 

2.  Find  the  open-circuit  voltage  V  which  appears  across  the  two  terminals  from  where 
resistance  has  been  removed.  It  is  also  called  Thevenin  voltage  Vlh. 

3.  Compute  the  resistance  of  the  whose  network  as  looked  into  from  these  two  terminals  after 
all  voltage  sources  have  been  removed  leaving  behind  their  internal  resistances  (if  any)  and 
current  sources  have  been  replaced  by  open-circuit  i.e.  infinite  resistance.  It  is  also  called 
Thevenin  resistance  Rlh  or  7~. 

4.  Replace  ths  entire  network  by  a  single  Thevenin  source,  whose  voltage  is  Vlh  or  VM.  and 


whose  internal  resistance  is  Rlh  or  Rf 


Connect  RL  back  to  its  terminals  from  where  it  was  previously  removed. 
Finally,  calculate  the  current  flowing  through  Rt  by  using  the  equation. 

/  =  VJ(Rlh^RL)     or    I=VJ(RI  +  RL) 


Example  2.59.  Convert  (he  circuit  shown  in  Fig.  2.129  (a),  to  a  single  voltage  source  in  series 
with  a  single  resistor.  (AMIE  Sec.  B,  Network  Analysis  Summer  1992| 


Oi  impedance  in  the  case  i>)  a.c.  circuils. 
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Solution.  Obviously,  we  have  to 
find  equivalent  Thevenin  circuit.  For 
this  purpose,  *>e  have  to  calculate  (i) 

y*  OT  vab  ™d      R,h  or  rab- 

With  terminals  A  and  B  open,  the 
two  voltage  sources  are  connected  in 
subtractive  series  because  they  oppose 
each  other.  Net  voltage  around  the 
circuit  is  (15  -  10)  =  5  V  and  total 
resistance  is  (8  +  4)  =  12  Q.  Hence 
circuit  current  is  =  5/1 2  A.  Drop  across 
4  CI  resistor  =  4  x  5/1 2  =  5/3  V  with  the 
polarity  as  shown  in  Fig.  2.129  (a). 


A 
-o 


35/3  V 


B 


Fig.  2.129 


m 


'  AB 


=  Vlh  =  +  10  +  5/3  =  35/3  V. 


Incidently,  we  could  also  find       while  going  along  the  parallel  route  BFEA. 

Drop  across  8  CI  resistor  =  8  x  5/12  =  10/3  V.  equal  the  algebraic  sum  of  voltages  met  on  the 
way  from  Bio  A.  Hence,       =  (-  10/3)  +  15  =  35/3  V. 

As  shown  in  Fig.  2. 1 29  (i>),  the  single  voltage  source  has  a  voltage  of  35/3  V. 

For  findign  Rlh,  we  will  replace  the  two  voltage  sources  by  short-circuits.  In  that  case,  Rlh  =  RAB 
=  4  II  8  =  8/3  CI. 

Example  2.60.  Stale  Thevenm  s  theorem  and  give  a  proof.  Apply  this  theorem  to  calculate  the 
current  through  the  4  CI  resistor  of  the  circuit  of  Fig.  2.130  (at. 

(A.M.I.E.  Sec.  B  Network  Analysis  W.  1989) 

Solution.  As  "shown  in  Fig.  2. 130  (£>),  4  £2  resistance  has  been  removed  thereby  open-circuiting 
the  terminals  A  and  B.  We  will  now  find  and  R^  which  will  give  us  Vlh  and  Rlh  respectively. 
The  potential  drop  across  5  CI  resistor  can  be  found  widi  the  help  of  voltage-divider  rule.  Its  value  is 
=  15x5/(5+  10)  =  5  V. 


00 


10  A 

-AW — i, 


B 


m 

Fig.  2.130 

For  finding  V^g,  we  will  go  from  ponit  B  to  point  A  in  the  clock- 
wise direction  and  find  the  algebraic  sum  of  the  voltages  met  on  the 
way. 

VM  =  -  6  +  5  =  -  1  V. 

It  means  that  point  A  is  negative  with  respect  to  point  £,  or  point 
B  is  at  a  higher  potential  than  point  A  by  one  volt. 

In  Fig.  2.130  (c),  the  two  voltage  source  have  been  short- 
circuited.  The  resistance  of  the  network  as  viewed  from  points  A 
and  B  is  the  same  as  viewed  from  points  A  and  C. 


to 


A 
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Fig.  2.131 
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10/3  n 

Thevenin's  equivalent  source  is  shown  in  Fig.  2. 131  in  which  4  £2  resistor  has  been  joined  back 
across  terminals  A  and  B.  Polarity  of  the  voltage  source  is  worth  noting. 


/  =  =  -r-  =  0, 136  A 

(10/31+4  22 


From  E  to  A 


Example  2.61.  With  reference  to  the  network  of  Fig.  2. 132  fa),  hx  applying  Thevenin  \v  theorem 
find  the  following  : 

(/)  the  equivalent  e.m.f.  of  the  network  when  viewed  from  terminals  A  and  B. 
{it)  the  equivalent  resistance  of  the  network  when  looked  into  from  terminals  A  and  B. 
iiii)  current  in  the  load  resistance  RL  of  15  £2.  (Basic  Circuit  Analysis,  Nagpur  Univ.  1993 1 

Solution.  (0  Current  in  the  network  before  load  resistance  is  connected  [Fig.  2.132  (a)] 

=  24/(12  +  3+  1)=  1.5  A 

.'.    voltage  across  terminals  AB  =  Vw  =  Vrh  =  12  x  1.5  =  1.8  V 

Hence,  so  far  as  terminals  A  and  B  are  concerned,  the  network  has  an  e.m.f.  of  18  volt  (and  not 
24  V). 

(ri)  There  are  two  parallel  paths  between  points  A  and  B.  Imagine  that  battery  of  24  V  is 
removed  but  not  its  internal  resistance.  Then,  resistance  of  the  circuit  as  looked  into  from  point  A 
and  B  is  [Fig.  2.132  (c)] 

Rt  =  Rlh  =  12x4/(12 +4)  =  3Q 
(ii'O  When  load  resistance  of  15  Q  is  connected  across  the  terminals,  the  network  is  reduced  to 
the  structure  shown  in  Fig.  2. 1 32  id). 


Fig.  2.132 

1  =  VJ(**  +  *t)*  18/(15  +  3)  =  !  A 
Example  2.62.   Using  Thevenin  theorem,  calculate  the  current  flowing  through  the  4  £2  resis- 
tor of  Fig.  2.133  (a). 

Solution.  <*)  Finding  VlH 

If  we  remove  the  4-12  resistor,  the  circuit  becomes  as  shown  in  Fig.  2.133  (/>).  Since  full  10  A 
current  passes  through  2  £2  resistor,  drop  across  it  is  10  x  2  =  20  V.  Hence,  VB  =  20  V.  Hence.  VB  = 
20  V  with  respect  to  the  common  ground.  The  two  resistors  of  3  £2  and  6  £2  are  connected  in  series 
across  the  12  V  battery.  Hence,  drop  across  6  £2  resistor  =  12  x  6/(3  +  6)  =  8  V. 

VA  =  8  V  with  respect  to  the  common  ground* 

Vrh  =  VaA  =  VB-  VA  =  20-  8  =  12  V — with  B  at  a  higher  potential 


•     AKo.  V.  =  12-  drop  across  3-£2  resistor  =  1 2  -  12  x  3/(6  +  3)  =  1 2  -  4  =  8  V 
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Fig.  2.133 

tin  Finding  Rlh 

Now,  we  will  find  Rsh  i.e.  equivalent  resistnace  of  the  network  as  looked  hack  into  the  open- 
circuited  terminals  A  and  B.  For  this  purpose,  we  will  replace 
both  the  voltage  and  current  sources.  Since  voltage  source 
has  no  internal  resistance,  it  would  be  replaced  by  a  short  circuit 
i.e.  zero  resistance.  However,  current  source  would  be  removed 
and  replaced  by  an  "open"  i.e.  infinite  resistance  (Art.  1.18). 
In  that  case,  the  circuit  becomes  as  shown  in  Fig.  2.133  (e). 
As  seen  from  Fig.  2.133  (<f),  FA  =  6  II  3  +  2  «  4  £2.  Hence, 
Thevenin's  equivalent  circuit  consists  of  a  voltage  source  of 
12  V  and  a  series  resistance  of  4  £2  as  shown  in  Fig.  2.134  (a). 
When  4  Q  resistor  is  connected  across  terminals  A  and  B,  as 
shown  in  Fig.  2.134  (b). 

I  =  J  2/(4  +  4)  =  1.5  A— from  B  to  .4 
Example  2.63.  For  the  circuit  shown  in  Fig.  2.135  (a),  calculate  the  current  in  the  10  ohm 
resistance.  Use  Thevenin  's  theorem  only.  (Elect.  Science-I  Allahabad  Univ.  1992) 

Solution.  When  the  10  £2  resistance  is  removed,  the  circuit  becomes  as  shown  in  Fig.  2. 135  (h). 
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Fig.  2.135 

Now,  we  will  find  the  open-circuit  voltage  VAB  =  Vlb. 


For 


a  i 


this  purpose,  we  will  go  from  point  B  to  point  A  and  find  the 
algebraic  sum  of  the  voltages  met  on  the  way.  It  should  be  noted 
that  with  tcrmnals  A  and  B  open,  there  is  no  voltage  drop  on  the  8 
LI  resistance.  However  the  two  resistances  of  5  il  and  2  £2  are 
connected  in  series  across  the  20-V  battery.  As  per  voltage-di- 
vider rule,  drop  on  2  £2  resistance  =  20  x  2/(2  +  5)  =  5.7 1  V  with 
the  polarity  as  shown  in  figure.  As  per  the  sign  convention  of 
Art. 


9.43 : 


10  vl 


It) 


Fig.  2.136  (o) 


II. 
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V„*  V*  =  +  5.7I-12  =  -6.29V 
The  negative  sign  shows  that  point  A  is  negative  with  respect  to  point  B  or  which  is  the  same 
thing,  point  B  is  positive  with  respect  to  point  A. 

For  finding  Rw  -  Rlh,  we  replace  the  batteries  by  short-circuits  as  shown  in  Fig.  2. 1 28  (r). 

rab  =  ^=8  + 2  I!  5  =  9.43  Q 
Hence,  the  equivalent  Thevenin's  source  with  respect  to  terminals  A  and  B  is  an  shown  in  Fig. 
2.136.  When  10  £2  resistance  is  reconnected  across  A  and  B,  current  through  it  is  /  =  6.24/9,43  +  10) 
=  0J2  A. 

Example  2.64.  Vsinti  Thevenin's  theorem,  calculate  the  p.d.  across  terminals  A  ami  B  in  Fig. 
2.1.17  {ai. 

Solution.  U)  Finding  V 

First  step  is  to  remove  7  £2  resistor  thereby  open-circuiting  terminals  A  and  B  as  shown  in  Fig. 
2.137  (b).  Obviously,  there  is  no  current  through  the  1  £2  resistor  and  hence  no  drop  across  it. 


Therefore  V 


AH 


v„„  =  V. 


CD" 


As  seen,  current  /  flows  due  to  the  combined  action  of  the  two  batteries. 
Net  voltage  in  the  CDFE  circuit  =  1 8  -  6=  1 2  V.  Total  resistance  =  6  +  3  ■  9  £2.  Hence,  7=12/9  = 
4/3  A 

VCD  =  6  V  +  drop  across  3  £2  resistor  =  6  +  (4/3)  x  3  =  10  V* 
VM  =  Vth  =  10  V. 

<//')  Finding  R,  or  Rlh 

As  shown  in  Fig.  2.137  (r).  the  two  batteries  have  been  replaced  by  short-circuits  (SC)  since 
their  internal  resistances  are  zero.  As  seen,  Rt  =  Rrh  =  1  +  3  II  6  =  3  £2.  The  Thevenin's  equivalent 
circuit  is  as  shown  in  Fig.  2.137  (d)  where  the  7  Q  resistance  has  been  reconnected  across  terminals 
A  and  B.  The  p.d.  across  this  resistor  can  be  found  with  the  help  of  Voltage  Divider  Rule  (Art.  1.15). 
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Fig.  2.137 

Example  2.65.  Use  Thevenin  's  theorem  to  find  the  current  in  a  resistance  load  connected 
between  the  terminals  A  and  B  of  the  network  shown  in  Fig.  2.138  (a)  if  the  had  is  (a)  2  £2  (b)  /  £1 

(Elect.  Technology,  Gwalior  Univ.  1987) 

Solution.  For  finding  open-circuit  voltage  Vm  or  Vth  across  terminals  A  and  8.  we  must  first 
find  current  I2  flowing  through  branch  CD.  Using  Maxwell's  loop  current  method  (Art.  2. 1 1 ),  we 
have  from  Fig.  2.131  (a). 

-  2  /,  -  4  (/,-/,)  +  8  =  0   or   3  /,  -  2  /,  =  4 

Also       -2/1-2/2-4-4fl2-/l)  *  P   or     /,  -  2 /,  =  1 

From  these  two  equations,  we  get  /,  =  0.25  A 

As  we  go  from  point  D  to  C,  voltage  rise  =  4  +  2  x  0.25  =  4.5  V 

Hence.  VCD  =  4.5  or  =  Vrt  =  4.5  V.  Also,  it  may  be  noted  that  point  A  is  positive  with  respect 
to  point  B. 


lls.t,  1'  r  ■  IS-dmp  across  6  U  resisinr  -  I X  -  1 4/3 1  x  fi  =  U)  V 
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(a)  (b)  (c)  (d) 

Fig.  2.138 


In  Fig.  2.138  (b),  both  batteries  have  been  removed.  By  applying  laws  of  series  and  parallel 
combination  of  resistances,  we  get  Rt  =  Rlh  =  5/4  Q  =  1 .25  Cl. 

(i)  When  RL  =  2  £2  ;         /  =  4.5/(2  +  1 .25)  =  1.38  A 
(n)  When     =  1  £2  ;         /  =  4.5  (I  +  1.25)  =  2.0  A 

Note.  We  could  also  find  VIX  and  /?,  by  first  Thevenining  part  of  the  circuit  across  terminals  £  and  F  and 
then  across  A  and  B  (Ex.  2.62). 

Example  2.66.  The  four  units  oj  a  W'heatstone  bridge  have  the  following  resistances  : 

AB  =  100.  BC  =  10.  CD  =  4.  DA  =  56  £2  A  galvanometer  of  20  £2  resistance  is  connected 
across  BD.  Use  Thevenin's  theorem  to  compute  the  current  through  the  galvanometer  when  a  p.d. 
of  10  V  is  maintained  across  AC.  (Elect.  Technology,  Vikram  Univ.  of  Lljjain  1988) 

Solution.  (0  When  galvanometer  is  removed  from  Fig.  2.139  (a),  we  get  the  circuit  of  Fig. 
2.139  (b). 

(ii)  Let  us  next  find  the  open-circuit  voltage  V^.  (also  called  Thevenin  voltage  Vth)  between 
points  B  and  D.  Remembering  that  ABC  (as  well  as  ADO  is  a  potential  divider  on  which  a  voltage 
drop  of  1 0  V  takes  place,  we  get 

Potential  of  B  w.r.t.  C  =  10  x  10/110=  10/1 1  =  0.909  V 
Potential  of  D  w.r.t.  C  =  10  x  4/54  =  20/27  =  0.741  V 
.-.    p.d.  between  B  and  D  is      or  V,,,  =  0.909  -  0.741  =  0.168  V 

(in)  Now,  remove  the  10-V  battery  retaining  its  internal  resistance  which,  in  this  case,  happens 
to  be  zero.  Hence,  it  amounts  to  short-circuiting  points  A  and  C  as  shown  in  Fig.  2.139  (d). 


(a)  0>)  (c) 

Fig.  2.139 


(iv)  Next,  let  us  find  the  resistance  of  the  whole  network  as  viewed  from  ponts  B  and  D.  It  may 
be  easily  found  by  noting  that  electrically  speaking,  points  A  and  C  have  become  one  as  shown  in 
Fig.  2. 140  (a).  It  is  also  seen  that  BA  is  in  parallel  with  BC  and  AD  is  in  parallel  with  CD.  Hence, 
Rsn  =  10  II  100  +  50  It  4  =  12.79  £2. 
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Fig.  2.140 

(v)  Now,  so  far  as  points  B  and  D  arc  connected,  the  network  has  a  voltage  source  of  0.168  V 
and  internal  resistance  Rt  =  12.79  SI.  This  Thevenin's  source  is  shown  in  Fig.  2.140  (c). 

(vi)  Finally,  let  us  connect  the  galvanometer  (initially  removed)  to  this  Thevenin  source  and 
calculate  the  current  /  flowing  through  it.  As  seen  from  Fig.  2.140  (d). 

I  =  0.168/(12.79  +  20)  =  0.005  A  =  5  mA 

Kxample  2.67.  Determine  the  current  in  the  I  il  resistor  across  AB  of  network  shown  in  Fig. 
2.141  lo)  using  Tlievenin's  theorem.  (Network  Analysis,  Nagpur  Univ.  1993) 

Solution.  The  given  circuit  can  be  redrawn,  as  shown  in  Fig.  2.141  (fc)  with  the  I  SI  resistor 
removed  from  terminals  A  and  B.  The  current  source  has  been  converted  into  its  equivalent  voltage 
source  as  shown  in  Fig.  2. 1 4 1  (c).  For  Finding  Vlh,  we  will  find  the  currents  x  and  y  in  Fig.  2. 1 4 1  (c). 
Applying  KVL  to  the  first  loop,  we  get 

3-<3  +  2).r-  1  =0    or   x  =  0AA 

V*  =  ^ab  =3-3x0.4=  1.8  V 
The  value  of  Rlh  can  be  found  from  Fig.  2. 141  (<?)  by  replacing  the  two  voltage  sources  by  short- 
circuits.  In  this  case  Rlh  =  2  II  3  =  1 .2  SI. 


(a)  (bj  (c)  (4 

Fig.  2.141 


Thevenin's  equivalent  circuit  is  shown  in  Fig.  2.141  (d).  The  current  through  the  reconnected 
1  £i  resistor  is  =  1.8/(12.1  +  I)  =  0.82  A. 

Example  2.68.  Find  the  current  flowing  through  the  4  resistor  in  Fig.  2.142  ft/)  when  (i)  E  =  2 
V  and  (»)  £  =  12  V.  All  resisiawes  are  in  series. 

Solution.  When  the  remove  E  and  4  il  resistor,  the  circuit  becomes  as  shown  in  Fig.  2. 142  (h). 
For  finding  Rlh  i.e.  the  circuit  resistance  as  viewed  from  terminals  A  and  B.  the  battery  has  been 
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short-circuited,  as  shown.  It  is  seen  from  Fig.  2. 142  (c)  that  R[h  =  R^  =  15  II  30  +  18  II  9  =  16  £2. 
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Fig.  2.142 


We  will  find  V!h  =  with  ihe  help 
of  Fig.  2.143  (a)  which  represents  the 
original  circuit,  except  with  E  and  4  £2  re- 
sistor removed.  Here,  the  two  circuits  are 
connected  in  parallel  across  the  36  V  bat- 
tery. The  potential  of  point  -4  equals  the  36  v 
drop  on  30  £2  resistance,  whereas  poten- 
tial of  point  B  equals  the  drop  across  9  £2 
resistance.  Using  the  voltage,  divider  rule, 
we  have 

VA  =  36  x  30/45  =  24  V 
VB  =  36  x  9/27  =  1 2  V 
■■    VAB=VA-VB  =  24-U=\2V 

In  Fig.  2.143  (b),  the  series  combination  of  E  and  4  £2  resistors  has  been  reconnected  across 
terminals  A  and  B  of  the  Thevenin's  equivalent  circuit. 

U)  /  =  (12  -  £V20  =  (12  -  2)/20  =  0.5  A  (it)  1  =  (12  -  12)/20  =  0 


Fig.  2.143 


Example  2.69.  Calculate  the  mine  of  V;h  <md  Rlh 


between  terminals  A  ami  B  of  the  circuit 


shown  in  Fig.  2.144  fa).  Alt  resistance  values  are  in  ohnts. 

Solution.  Forgetting  about  the  teminal  B  for  the  time  being,  there  are  two  parallel  paths 
between  £and  F :  one  consisting  of  12  £2  and  the  other  of  (4  +  8)  =  12  £2.  Hence,  R£F  =  12  II  12  =  6 
£2.  The  source  voltage  of  48  V  drops  across  two  6  £2  resistances  connected  in  series.  Hence.  V£F  = 
24  V.  The  same  24  V  acts  across  12  £2  resistor  connected  directly  between  E  and  F  and  across  two 
series  -  connected  resistance  of  4  £2  and  b  £2  connected  across  E  and  F.  Drop  across  4  £2  resistor  = 
24  x  4/(4  +  8)  =  8  V  as  shown  in  Fig.  2.144  (c). 

D  .  D  A   . 
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(a)  (h)  (c) 

Fig.  2.144 

Now.  as  we  go  from  B  to  A  via  point  £.  there  is  a  rise  in  voltage  of  8  V  followed  by  another  rise 
in  voltage  of  24  V  thereby  giving  a  total  voltage  drop  of  32  V.  Hence  Vlh  =  32  V  with  point  .4 
positive. 
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For  finding  Rtjl.  we  short-circuit  the  48 
V  source.  This  short  circuiting,  in  effect,  com- 
bines the  points  A,  D  and  F  electrically  as 
shown  in  Fig.  2.145  (a).  As  seen  from  Fig. 
2.145  (fe), 

Rih  =        =  8  II  (4  +  4)  =  4  a 

Example  2.70.  Determine  Thevenin  's 
equivalent  circuit  which  may  he  used  to 
represent  the  given  network  I  Fig.  2.146)  at 
the  terminals  AB. 

(Electrical  Eng.;  Calcutta  Univ.  1987) 

Solution.  The  given  circuit  of  Fig.  2. 146  (a)  would  be  solved  by  applying  Thevenin's  theorem 
twice,  first  to  the  circuit  to  the  left  of  point  C  and  D  and  then  to  the  left  of  points  .4  and  B.  Using  this 
technique,  the  network  to  the  left  of  CD  [Fig.  2.146  (a)]  can  be  replaced  by  a  source  of  voltage  Vl 
and  series  resistance  Rn  as  shown  in  Fig.  2.146  (b). 

A 

i  o 


A.D 


T  F7=5.68V 


B 


V  = 
1  (.6+1+1) 


Fig.  2.146  ft* 

12x6 


tc) 


6x2 

-  9  volts  and  Rn  -     +  ^  =  1.511 


Similarly,  the  circuit  of  Fig.  2.146  [h)  reduced  to  that  shown  in  Fig.  2.146  (r) 

9x6  6x3.5 


V2  ~  (6  +  2+1.5) 


=  5,68  volts  and  Ril  = 


9.5 


=  2.21  ii 


Example  2.71.  Use  Thevenin 's  theorem,  to  find  the  value  of  load  resistance  Rt  in  the  circuit  of 
Fig.  2.147  (at  which  results  in  the  production  of  maximum  power  in  R,.  Also,  find  the  value  of  this 
maximum  power.  All  resistances  are  in  i>hms. 

Solution.  We  will  remove  the  voltage  and  current  sources  as  well  as  RL  from  terminals  A  and  B 
in  order  to  find  Rlti  as  shown  in  Fig.  2.147  (b). 

Rlh  =  4  +  611  3  =  6  a 

3A 


H9n 


Q  AAMr- 


9   O.C.  9 
4 


A 

-0 


SC. 


Fig.  2.147 


(b) 


B 


DC  Setwork  Theorems 


117 


In  Fig.  2.147  (ah  the  current  source  has  been  converted  into  the  equivalent  voltage  source  for 
convenience.  Since  there  is  no  current  4  (1  resistance  (and  hence  no  voltage  drop  across  it),  Vlh 
equals  the  algebraic  sum  of  battery  voltage  and  drop  across  6  Q  resistor.  As  we  go  along  the  path 
BDCA,  we  gel, 

Vih  =  24x6/(6  +  3)-  12  =  4  V 
The  load  resistance  has  been  reconnected  to  the  Thevenin's  equivalent  circuit  as  shown  in 
Fig,  2.148  lb).  For  maximum  power  transfer,  RL  =  Rlh  =  6  Q. 


Now, 


.  WA- 


VL  =   ^rt=Ix4  =  2V;Ptm>=^ 


=  ^  =2.67  W 
o 


4  12  V 
-W  1 


24  V 


I  1  1 

1 


Fig.  2.148 
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4 
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i:  \ 
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c  _ 


12  V 

OH 


Example  2.72.  fc/ii  Thevenin's 
theorem  to  find  the  current  flowing 
through  the  6  Q  resistor  of  the  network 
shown  in  Fig.  2.149  (til.  All  resistances 
are  in  ohms. 

(Network  Theory,  Nagpur  Univ. 
1992) 

Solution.  When  6  Q  resistor  is 
removed  [Fig.  2.149  (&)],  whole  of  2  A 
current  flows  along  DC  producing  a 
drop  of  (2  x  2)  =  4  V  with  the  polarity 
as  shown.  As  we  go  along  BDCA,  the 
total  voltage  is 


4 


J 

I  VA1- 


sc 


2A  §2 


e,  o.c. 

I  9 


Hence. 


V....  = 


Fig.  2.149 

-  4  +  12  =  8  V 
VA  =  8  V 


(c) 


-with  .4  positive  w.r.i.  B. 


For  finding  Rt  or  18  V  voltage  source  is  replaced  by  a  short-circuit  (An-  2.15)  and  the 
current  source  by  an  open-circuit,  as  shown  in  Fig.  2. 149  (c).  The  two  4  f.2  resistors  are  in  series  and 
are  thus  equivalent  in  an  S  Ll  resistance.  However,  this  8  tl  resistor  is  in  parallel  with  a  short  of  0 12. 
Hence,  their  equivalent  value  is  0  Q.  Now  this  0  £1  resistance  is  in  series  with  the  2  il  resistor. 
Hence.  Rt  =  2  +  0  =  2  Q.  The  Thevenin's  equivalent  circuit  is  shown  in  Fig.  2.149  (</). 

/  =  8/(2  +  6)  =  1  Amp  —from  A  to  B 

Example  2.73.  Find  Thevenin  's  equivalent  circuit  for  the  network  shown  in  Fig.  2. 150  fa  i 
for  the  terminal  pair  AB. 

Solution.  It  should  be  carefully  noted  that  after  coming  10  point  D.  the  6  A  current  has  only  one 
path  to  reach  its  other  end  C  i.e.,  through  4  Q  resistor  thereby  creating  and  IR  drop  of  6  x  4  =  24  V 
with  polarity  as  shown  in  Fig.  2. 150  (£>)•  No  part  of  it  can  go  along  DE  or  DF  because  it  would  not 
find  any  path  back  to  point  C.  Similarly,  current  due  to  18-V  battery  is  restricted  to  loop  EDFE. 
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Drop  across  6  Q  resistor  =  18  x  6/(6  +  3)  =  12  V.  For  finding  V^,  let  us  start  from  A  and  go  to  B  via 
the  shortest  route  ADFB.  As  seen  from  Fig.  2. 150  (b).  there  is  a  rfse  of  24  V  from  -4  to  D  but  a 
of  12  V. 


? — W- 


18  V 


o 


4 
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6  A 
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(O.C) 
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A 
-o 


Fig.  2.150 


from  D  to  F.  Hence. 


VAS  =  24 


-o.l 


:8 


112  V 


-oB 


12  =  12  V  with  point  A  negative  w.r.t. 
point  B*.    Hence.  Vlh  =  VAH  =  -  12  V  (or  VBA=  12  V). 

For  finding  Rlh.  1 8  V  battery  has  been  replaced  by  a  short-circuit  and  6  A 
current  source  by  an  open-circuit,  as  shown  in  Fig.  2.150  (c). 
As  seen.  /?,,,  =  4  +  6113  +  2 

=  4  +  2  +  2  =  8£l 
Hence,  Thevenin's  equivalent  circuit  for  terminals  A  and  B  is  as  shown 
in  Fig.  2. 15 1.  It  should  be  noted  that  if  a  load  resistor  is  connected  across  AB, 
current  through  it  will  flow  from  B  to  A. 

Example  2.74.  The  circuit  shown  in  Fit;.  2.152  lal  contains  two  voltage  sources  and  two 
current  sources.  Calculate  (a)  Vlh  and  (h)  Rtli  between  the  open  terminals  A  and  B  of  the  circuit.  All 
resistance  values  are  in  ohms. 

Solution.  It  shold  be  understood  that  since  terminals  .4  and  B  are  open,  2  A  current  can  How 
only  through  4-£l  and  10  Q.  resistors,  thus  producing  a  drop  of  20  V  across  the  10  £2  resistor,  as 
shown  in  Fig.  2.152  (b).  Similarly.  3  A  current  can  flow  through  its  own  closed  circuit  between  A 
and  C  thereby  producing  a  drop  of  24  V  across  8  Q  resistor  as  shown  in  Fig.  2. 152  (b).  Also,  there 
is  no  drop  across  2  £2  resistor  because  no  current  flows  through  it. 


Fig.  2.151 


in  v 


in  \ 


.r0Oi 


r©Oi 


Fig.  2.152 

Starting  from  point  B  and  going  to  point  .4  via  points  D  and  C,  we  get 

V,,  =-20  +  20  +  24  =  24  V 


-with  point  A  positive. 


Incidentally,  hud  6  A  current  been  flowing  in  the  apposite  direction,  polarity  of  24  V  drop  would  have 
been  reversed  so  that  VM  would  have  equalled  (24  +  12)  =  36  V  with  A  positive  w.r.t.  point  H 
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For  finding  R,h,  we  will  short-circuit  the  voltage  sources  and 
open-circuit  the  current  sources,  as  shown  in  Fig.  2.153.  As 
seen,  Rlh  =  RAB  =  8  +  10  +  2  =  20  £2. 

Example  2.75.  Calculate  VA  amd  Rlh  between  the  open  tcr- 
mmals  A  unci  B  of  the  circuit  shown  in  2. 154  (a).  All  resis- 
tance values  ore  in  ohms. 

Solution.  We  will  convert  the  48  V  voltage  source  with  its 
series  resistance  of  12  £2  into  a  current  source  of  4  A,  with  a 
parallel  resistance  of  12  £2.  as  shown  in  Fig.  2.154  (b). 

 1  0-4         I  1  r™  O  A 


ri2 


•12 


-i  \ 

© 


0 


)8A 


24  v: 


4A 


4A 


)8A 


-oB 


(a) 


(h)  v 
Fig.  2.154 

In  Fig.  2.154  (c),  the  two  parallel  resistance  of  12  Q  each  have  been  combined  into  a  single 
resistance  of  6  £2.  It  is  obvious  that  4  A  current  flows  through  the  6  £2  resistor,  thereby  producing  a 
drop  of  6  x  4  =  24  V.  Hence,  Vlh  =  VAB  =  24  V  with  terminal  A  negative.  In  other  words  VA  =  -  24  V. 

If  we  open-circuit  the  8  A  source  and  short-circuit  the  48-V  source  in  Fig.  2. 154  (a).  Rlh  -  RAB  = 
1211 12  =6  £2. 

Example  2.76.  Calculate  the  value  of  Vlh  of  Rlh  between  the  open  terminals  A  and  B  of  the 
circuit  shown  in  Fig.  2. 155  fa).  All  resistance  values  are  in  ohms. 

Solution.  It  is  seen  from  Fig.  2.155  (a)  that  positive  end  of  the  24  V  source  has  been  shown 
conneced  to  point  A.  It  is  understood  that  the  negative  terminal  is  connected  to  the  ground  terminal  G. 
Just  to  make  this  point  clear,  the  given  circuit  has  been  redrawn  in  Fig.  2.155  (b)  as  well  as  in 
Fig.  2.155  (t  ). 

Let  us  start  from  the  positive  terminal  of  the  battery  and  go  to  its  negative  terminal  G  via  point 
C.  We  find  that  between  poits  C  and  G,  there  are  two  parallel  paths  :  one  of  6  £2  resistance  and  the 

4A  A 


ep+24  V 
V  


i 

-O 


B 

— O 


fat 


other  of  (2  +  4)  =  6  £2  resistance,  giving  a  combined  resistance  of  6  II 6  =  3  £2.  Hence,  total  resistance 
between  positive  and  negative  terminals  of  the  battery  =  3  +  3  =  6  £2.  Hence,  battery  current  =  24/6 
=  4  A.  As  shown  in  Fig.  2. 155  (c),  this  current  divides  equally  at  point  C.  Let  us  go  from  B  to  A  via 
point-s  D  and  G  and  total  up  the  potential  difference  between  the  two,  VlU 
with  point  A  positive. 


VfUf  =  -8V  +  24V  =  16  V 
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For  finding  Rllr  let  us  replace  the  voltage  source  by  a  short-circuit,  as  shown  in  Fig.  2. 156  (a).  In 
connects  one  end  each  of  6  CI  resistor  and  4  Q  resistor  directly  lo  point  A.  as  shown  in  Fig.  2.156  (b). 

4  =  2  £2. 


The  resistance  of  branch  DCG  =  2  +  6  II  3  =  4  CI.  Hence  R,h  =   AB  =  4 


A 
-O 


^WvV 


B 
-0 


D 

(a)  (b) 
Fig.  2.156 

Example  2.77.  Calculate  the  power  which  would  be  dissipated  in  the  resistor  connected 
across  terminals  A  and  B  of  Fig.  2. 157  \al.  All  resistance  values  are  in  ohms 

Solution.  The  open-circuit  voltage  Vtx.  (also  called  Thevenin's  voltage  Vlh)  is  that  which  ap- 
pears across  terminals  A  and  B.  This  equals  the  voltage  drop  across  1 0  CI  resistor  between  points  C 
and  D.  Let  us  find  this  voltage.  With  AS  on  open-circuit,  120-V  battery  voltage  acts  on  the  two 
parallel  paths  EF  and  ECDF.  Hence,  current  through  10  CI  resistor  is 

/  =  120/(20+  10  +  20)  =  2.4  A 

Drop  across  IO-£2  resistor.  Vth  =  10  x  2.4  =  24  V 

Now.  let  us  find  Thevenin's  resistance  Rlh  i.e.  equivalent  resistance  of  the  given  circuit  when 
looked  into  from  terminals  A  and  B.  For  this  purpose,  120  V  battery  is  removed.  The  results  in 
shorting  the  40-£l  resistance  since  internal  resistance  of  the  battery  is  zero  as  shown  in  Fig.  2.157  (h). 

10  x  (20  +  20)  ,_  _ 

*r««*  "  16+10  +  (20  +  20)  +  16  =  4QQ 

r  n  20 


£> 
<b) 

Fig.  2.157 

Thevenin's  equivalent  circuit  is  shown  in  Fig.  2.157  (c).  As  shown  in  Fig.  2.157  (d),  current 
through  8-Q  resistor  is 

v2 


/  =  24/(40  +  8)  =  ±  A 


x  8  =  2  V\ 


Example  2.78.  With  the  help  of  Thevenin's  theorem,  calculate  flowing  through  the  i-fl  resis- 
tor in  the  network  of  Fig,  2. 158  tal    All  resistances  are  in  ohms. 

Solution.  The  current  source  has  been  converted  into  an  equivalent  voltage  source  in  Fig.  1 58  (h\. 
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(0  Finding  V\K.  As  seen  from  Fig.  2. 158  (c),  =  V^.  In  closed  circuit  CDFEC,  nel  voltage 
=  24  -  8  =  16  V'and  total  resistance  =  8  +  4  +  4=  16  Q..  Hence,  current  =  16/16  =  1  A. 


8 


I 

-^24V  -±-8V 


6  4 
AM  o 


D 
ft) 

Fig.  2.158 

Drop  over  the  4-t2  resistor  in  branch  CD  =  4 
x  1  =  4  V  with  a  polarity  which  is  in  series  addi- 
tion with  8-V  battery. 

•      Hence,  VM  =  V,k  =       =  8  +  4  =  12  V 

(«)  Finding  Rt  or  Rth.  In  Fig.  2.159  (a),  the 
two  batteries  have  been  replaced  by  short-circuits 
because  they  do  not  have  any  internal  resistance. 

As  seen,  Rt  =  6  +  4  II  (8  +  4)  =  9  Q. 

The  Thevenin's  equivalent  circuit  is  as  shown 
in  Fig.  2.159  (b). 

I  =  12/(9  +  3)=  1  A 

Example  2.79.  Using  Thevenin  end  Superposition  theorems  find  complete  solution  for  the 
network  shown  in  Fig.  2.160(a). 

Solution.  First,  we  will  find  Rlh  across  open  terminals  A  and  B  and  then  find  Vlh  due  to  the 
voltage  sources  only  and  then  due  to  current  source  only  and  then  using  Superposition  theo- 
rem, combine  the  two  voltages  to  get  the  single  Vfh.  After  that,  we  will  find  the  Thevenin 
equivalent. 

In  Fig.  2.160  {b),  the  terminals  A  and  E  have  been  open-circuited  by  removing  the  10  V 
source  and  the  I  £1  resistance.  Similarly,  24  V  source  has  been  replaced  by'a  short  and  current 
source  has  been  replaced  by  an  infinite  resistance  i.e.  by  open-circuit.  As  seen,  RAB  =  Rlh  4  II  4 

=  2  Q. 


Fig.  2.15V 
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10  V 


D 

(d)  <e)  (J) 

Fig.  2.160 

We  will  now  find  l'f/i  _  ,  across  AS  due  to  24  V  source  only  by  open-circuiting  tlie  current  source. 
Using  the  voltage-divider  rule  in  Fig.  2160  (c),  we  get  V^B  =  VCD  =  Vh_  .  =  24/2  =  1 2  V. 

Taking  only  the  current  source  and  short-circuiting  the  24  V  source  in  Fig.  2160  (d),  we  find 
thai  there  is  equal  division  of  current  at  point  C  between  the  two  4  Q  parallel  resistors.  Therefore, 
i /      _  i r    -  w    -  lx  4  -  4  V 


Using  Superposition  theorem.  Vlh  =  V'() 


V.. 


12  +  4  =  I6-V.  Hence,  the  Thevenin's 


equivalent  consists  of  a  16  V  source  in  series  with  a  2  £i  resistance  as  shown  in  Fig.  2. 160  (e)  where 
the  branch  removed  earlier  has  been  connected  back  across  the  terminals  .4  and  B.  The  net  voltage 
around  the  circuit  is=l6-IO  =  6V  and  total  resistance  is  =  2  +  I  =  3  Q.  Hence,  current  in  the  circuit 
is  =  673=  2  A.  Also.  VAB=  VAD  =  16 -(2  x2>=  12  V.  Alternatively,      equals  (2  x  |)+  10=  12  V. 

Since  we  know  that  =  VCL>  =  12  V.  we  can  find  other  voltage  drops  and  various  circuit 
currents  as  shown  in  Fig.  2. 1 60  (/).  Current  delivered  by  the  24-V  source  to  the  node  C  is  (24  -  VCD)I 
4  =  (24  -  12)/4  =  3  A.  Since  current  flowing  through  branch  AS  is  2  A.  the  balance  of  1  A  flows 
along  CE.  As  seen,  current  flowing  through  the  4  £2  resistor  connected  across  the  current  source  is 
=  i  I  +  2)  =  3  A. 

Example  2.80.  Use  Superposition  Theorem  to  find  I  in  the  circuit  of  Fig  2. 161. 

B  IN'anpur  Univ.  Sumner  2001) 

Solution.  At  a  time,  one  source  acts  and  the  other  is 
6  H  de-activated,  for  applying  Superposition  theorem.  If  /, 
represents  rhe  current  in  5-ohm  resistor  due  to  20-V 
source,  and  L  due  to  30-V  source, 

/  =  /,  +  /,  . 
Due  to  20-V  source,  current  into  node  B 

=  20/(20  +  5/6)  =  0.88  amp 
Out  of  this,  /,  =  0.88  x  6/1 1  =  0.48  amp 
Due  to  30-V  source,  current  into  node  B 


2(1  V'T 


30  V 


Fig.  2.161.  Given  Circuit 


=  30/(6  +  5/20)  =  3  amp 
Out  of  this,  /,  =  3  x  20/25  =  2.4  amp 

Hence.  /  =  2.88  amp 

Alternatively.  Thevenin's  theorem  can  be  applied  at  nodes  BD  after  removing  5-ohms  resistor 
from  its  position.  Following  the  procedure  to  evaluate  VTH  and  RTH 
Thevenin-voltage, 
and 

Current  /  =  27.7/(4.62  +  5)  =  2.88  amp 


VTH  =  27.7  Volts 
RTH  =  4.62  Ohms 
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2.2(1,  General  Instructions  for  Finding  Thcvt-iiin  Equivalent  Circuit 

So  far.  we  have  considered  circuits  which  consisted  of  resistors  and  independent  current  or 
voltage  sources  only.  However,  we  often  come  across  circuits  which  contain  both  independent  and 
dependent  sources  or  circuits  which  contain  only  dependent  sources.  Procedure  for  finding  the 
value  of  Vth  and  Klh  in  such  cases  is  detalied  below  : 

(o)  When  Circuit  Contains  Both  Dependent  and  Independent  Sources 

(f)  The  open-circuit  voltage  l^.  is  determined  as  usual  with  the  sources  activated  or  'alive'. 
(ii)  A  short-circuit  is  applied  across  the  terminals  a  and  b  and  the  value  of  short-circuit 
current  ilh  is  found  as  usual. 

(Hi)  Thevenin  resistance  Rlh  =  vjish.   Ii  is  the  same  procedure  as  adopted  for  Norton's 
theorem.  Solved  examples  2.81  to  2.85  illustrate  this  procedure. 
ib)  When  Circuit  Contains  Dependent  Sources  Only 
(0  In  this  case,  v  =  0 

(if)  We  connect  I  A  source  to  the  terminals  a  and  b  and  calculate  the  value  of  vah. 

m  Rrh  =  vj  i  si 

The  above  procedure  is  illustrated  by  solved  Examples. 

Example  2.81.  Find  Thevenin  equivalent  circuit  for  the  network  shown  in  Fig.  2. 162  (a)  which 
contains  a  current  controlled  voltage  source  (CCVS). 


Fig.  2.162 

Solution.  For  finding  Vx  available  across  open-circuit  terminals  a  and  b.  we  will  apply  KVL  to 
the  closed  loop. 

12-4/  +  2  (-4(  =  0    .-.    i  =  2  A 

Hence.  VM,  =  drop  across  4  £3  resistor  =  4  X  2  =  8  V.  It  is  so  because  there  is  no  current  through 
the  2  Q.  resistor. 

For  tinging  Rlh,  we  will  put  a  short-circuit  across  terminals  a  and  /;  and  calculate  Ixh,  as  shown  in 
Fig.  2.162  (b).  Using  the  two  mesh  currents,  we  have 

12  -4  f,  +  2  i -Ai'i  -  i2)  =  0  and  -  8  i2  -  4  (i.,  - 1 , )  =  0.  Substituting  i  =  (i ,  -  i2)  and  Simplifying 
the  above  equations,  we  have 

1 2  -  4  i,  +  2  (/,  -  i',)  -  4  (/,  -  ijj  =  0   or   3  r,  -  f2  =  6  ...(<) 
Similarly,  from  the  second  equation,  we  get  f,  =  3  i,.  Hence,  /,=  3/4  and  Rll:  =  VJl^  =  8/(3/4) 
=  32/3  £2.  The  Thevenin  equivalent  circuit  is  as  shown  in  Fig.  2.162  (c). 

Example  2.82.  Find  the  Thevenin  equivalent  circuit  which  rcsncct  to  terminals  a  and  h  of  the 
netw  ork  shown  in  Fig,  2,163  ial. 

Solution.  It  will  be  seen  that  with  terminals  a  and  h  open,  current  through  the  8  £2  resistor  is 
vdfi  and  potential  of  point  A  is  the  same  of  that  of  point  a  (because  there  is  no  current  through  4  £2 
resistor).  Applying  KVL  to  the  closed  loop  of  Fig.  2.163  (a),  we  get 
6  +  (8  x  vJ4)  -  v, ,„  =  0    or    viih  =  12  V 
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Fig.  2,163 

It  is  also  the  value  of  the  open-circuit  voltage  v^. 

For  finding  short-circuit  current  i(V  we  short-circuit  the  terminals  a  and  b  as  shown  in  Fig.  2. 163 
(b).  Since  with  a  and  b  short-circuited.  vilh  =  0,  the  dependent  current  source  also  becomes  zero. 
Hence,  it  is  replaced  by  an  open-circuit  as  shown.  Going  around  the  closed  loop,  we  get 
1 2  -     ( 8  +  4)  =  0    or    <rt  =  6/12=  0.5  A 

Hence,  the  Thevenin  equivalent  is  as  shown  in  Fig.  2.163  (c). 

Example  2.83.  Find  tin-  Thevenin  equivalent  cur  ml  for  the  network  shown  in  Fig.  2.16-4  lot 
which  contains  only  a  dependent  source. 

Solution.  Since  circuit  contains  no  indepenedenl  source,  r  =  0  when  terminals  a  and  b  are  open. 
Hence,  v^  =  0.  Moreover,  i!h  is  zero  since  1^,  =  0. 

Consequently,  Ksh  cannot  be  found  from  the  relation  Rth  =  v^Ji^.  Hence,  as  per  Art.  2.20,  wc 
will  connect  a  1  A  current  source  to  terminals  a  and  b  as  shown  in  Fig.  2.164  {b).  Then  by  finding  the 
value  of  v^,  we  will  be  able  to  calculate  Rth  =  v^l. 
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(b)  (c) 
Fig.  2.164 

It  should  be  noted  that  potential  of  point  A  is  the  same  as  that  of  point  a  I.e.  voltages  across  12  Q 


resistor  is  v b.  Applying  KCL  to  point  A,  we  get 


or  At- 


i: 


vj\  =4.5/1  =4.5  Q. 


Since  i  =  vllhl\2.  we  have  4  ( vabJ\2)  -  3  vu6  =  -  12  or  vub  =  4.5  V 
The  Thevenin  equivalent  circuit  is  shown  in  Fig.  2.164  (r). 

Example  2.84.  Determine  the  Theveninx  equivalent  circuit  as  viewed  from  the  open-circuit 
rcrmintds  a  and  b  of  the  netw  ork  shown  in  Fig.  2.165  <al.  All  resistances  are  in  ohms. 

Solution.  It  would  be  seer,  from  Fig.  2.165(a)  that  potential  of  node  A  equals  the  open-circuit 
terminal  voltage  v^.  Also.  /'  =  (r5  -  vf)r)/(80  +  20)  =  (6  -  v^J/lOO. 
Applying  KCL  to  node,  A  we  get 

6-Vw     9x(6-vJ  VM 
100  100  10 


-       =      or    V_  =  3  V 
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Fig.  2.165 

For  finding  the  Thevenin's  resistance  with  respect  to  terminals  a  and  b.  we  would  first  'kill'  the 
independent  voltage  source  as  shown  in  Fig.  2.165  (b).  However,  the  dependent  current  source 
cannot  be  'killed'.  Next,  we  will  connect  a  current  source  of  I  A  at  terminals  a  and  b  and  find  the 
value  of  vaf>.  Then.  Thevenin's  resistance  R[h  =  v^l.  It  will  be  seen  that  current  flowing  away  from 
node  A  i.e.  from  point  c  to  d  is  =  vflA/100.  Hence,  i  =  -  v^yiOO.  Applying  KCL  to  node  .4,  we  get 

v. 


1st.  +  q  _ 


10 


0    or  v.. 


5  V 


too      I  100 

.'.    Rlh  =  5/1  =5  £1.  Hence,  Thevenin's  equivalent  source  is  as  shown  in  Fig.  2.165  (c). 

Example  2.85.  Find  the  Thevtnin 's  equivalent  circuit  with  respect  to  terminals  11  usnd  b  of  the 
network  shown  in  Fif>.  2. 166  (a).  All  resistances  arc  in  ohms. 


Solution.  It  should  be  noted  that  with  terminals  a  and  b  open,  potential  of  node  A  equals 


Moreover,  v  =  vah.  Applying  KCL  to  node  A.  we  gel 


=  0   or  V 
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(b)  b 
Fig.  2.166 

For  finding  Rth,  we  will  connect  a  current  source  of  iA*  across  terminals  a  and  b.  It  should  be 
particularly  noted  that  in  this  case  the  potential  of  node  A  equals  (vlh  -  30  /).  Also,  v  =  ( vah  -  30  i)  = 
potential  of  node  A,  Applying  KCL  to  node  A,  we  get  from  Fig.  2. 166  (b). 


15  10 


f^-3on 


<v*  "  30  0 


=  0 


•"•  4  vab  =  150  '  or  VJ'  =  75/2  £i  Hence.  RA  =  vji  =  75/2  Q.  The  Thevenin's  equivalent 
circuit  is  shown  in  Fig.  2.166  (c). 

2.21.  Reciprocity  Theorem 

It  can  be  stated  in  the  following  manner  : 

In  any  linear  bilateral  network,  if  a  source  ofe.m.f.  E  in  an\  branch  produces  a  current  I  in  on\ 


We  could  also  connect  a  source  of  1  A  as  done  in  Ex.  2.83. 
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other  branch,  then  the  same  e.m.f.  E  acting  in  the  second  hamch  would  produce  the  same  current  1 
in  the  first  branch. 

In  other  words,  it  simply  means  thai  E  and  /  are  mutually  transferrable.  The  ratio  E/I  is  known 
as  the  transfer  resistance  (or  impedance  in  a.c.  systems).  Another  way  of  stating  the  above  is  that  the 
receiving  point  and  the  sending  point  in  a  network  are  interchangebale.  It  also  means  that  inter- 
change of  an  ideal  voltage  sources  and  an  ideal  ammeter  in  any  network  will  not  change  the  amme- 
ter reading.  Same  is  the  case  with  the  interchange  of  an  ideal  current  source  and  an  ideal  voltmeter. 

Example  2.K6.  //j  the  netwrok  of  Fig.  2.167  Ui).  find  (a)  ammeter  current  when  battery  is  at  A 
and  ammeter  at  B  and  {h  \  when  battery  is  at  B  and  ammeter  at  point  A  Values  of  various  resitunces 
are  as  shown  in  diagram.  Also,  calculate  the  transfer  resistance. 

Solution,  (a)  Equivalent  resistance  between 
points  C  and  B  in  Fig.  2.167  (a)  is 

=  12x4/16  =  3  £2 
.■.    Total  circuit  reistance 

=  2  +  3+  4  =  9£2 
Battery  current    =  36/9  =  4  A 
Ammeteter  current 

=  4x  12/16  =  3.4. 
(b)  Equivalent  resistance  between  points  C 
and  D  in  Fig.  2. 167  (b)  is 

=  12  x6/l8=4£2 
Total  circuit  resitance  =  4  +  3  +  1  =  8  £2 
Battery  current  =  36/8  =  4.5  A 

.■.    Ammeter  current  =  4.5  x  12/18  =  3  A 
Hence,  ammeter  current  in  both  cases  in  the  same. 
Transfer  resistance     =  36/3  =  12  £2. 

Example  2.87.  Calculate  the  currents  in  the  various  branches  of  the  network  shown  in  Fig. 
2. /rt<V  and  then  utilize  the  principle  of  Superpositon  and  Reciprocity  theorem  together  to  find  the 
value  of  the  current  in  the  l-voll  battery  circuit  when  an  e.m.f.  of  2  votls  is  added  in  branch  BD 
opposing  the  flow  of  original  current  in  that  branch. 

Solution.  Let  the  currents  in  the  various  branches  be  as  shown  in  the  figure.  Applying  Kirchhoffs 
second  law,  we  have 

For  loop  ABDA  ;  -  2/,  -  8/3  +  6/2  =  0    or    /,  -  3/2  +  4/,  =  0 
ForloopBCOfi,-4(/|-/3)  +  5(/2  +  /3}+ 8/3  =  0    or    4/, -5/,  -  17f,  =  0 
For  loop  ABCEA,  -  2/,  -  4(/,  -  /,)  -  10(7,  +  I2)  +  I  =  0 


tb) 


'  1 


16/,  +  \0i2 


4/3  =  1 


...(/) 
..(») 

Am 


Solving  for  /,,  /,  and  ly  we  get  /,  =  0.494  A;  /:  =  (1.1)229  A:  /,  =  U.<)II41>  A 


Fig.  2.168 


Fig.  2.169 
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Current  in  the  1  volt  battery  circuit  is  /,  -t-  A  =0.0723  A. 
The  new  circuit  having  2  -  V  battery  connected  in  the  branch  BD  is  shown  in  Fig.  2. 169.  According 
to  the  Principle  of  Superposition,  the  new  current  in  the  I  -  volt  battery  circuit  is  due  to  the  superposition 
of  two  currents;  one  due  to  1  -  volts  battery  and  the  other  due  to  the  2  -  volt  battery  when  each  acts 
independently. 

The  current  in  the  external  circuit  due  to  1  -  volt  battery  when  2  -  battery  is  not  there,  as  found 
above,  is  0.0723  A. 

Now.  according  to  Reciprocity  theorem;  if  I  -  volt  battery  were  tajisferred  to  the  branch  BD 
(where  it  produced  a  current  of  0.0049  A  J,  then  it  would  produce  a  current  of  0.0049  A  in  the  branch 
CEA  (where  it  was  before).  Hence,  a  battery  of  2  -  V  would  produce  a  current  of  (-  2  x  0.0049)  =  - 
0.0098  A  (by  proportion).  The  negative  sign  is  used  because  the  2  -  volt  battery  has  been  so  con- 
nected as  to  oppose  the  current  in  branch  BD, 

.-.    new  current  in  branch  CEA  s=  0.0723  -  0.0098  =  0.0625  A 
Tutorial  Problems  No.  2.5 

J.  Calculate  the  current  in  the  8-W  resistor  of  Fig.  2.170  by  using  Thevenin's  theorem.  What  will  be  its 
value  of  connections  of  6-V  banery  are  reversed  '.'  |0.8  A  ;  I)  AJ 

2.  Use  Thevenin's  iheroem  to  calculate  the  p.d.  across  terminals  A  and  B  in  Fig.  2.171.  [tJS  V] 


Fig.  2.170 


Fig.  2.172 


Fig.  2.171 

Compute  the  current  (lowing  through  the  load  resistance  of  10  £2  connected  across  terminals  A  and  B 
in  Fig.  2.172  by  using  Thevenin's  theorem. 

Find  the  equivalent  Thevenin  voltage  and  equivalent  Thevenin  resistance  respectively  as  seen  from 
open-circuited  termians  ,4  and  B  to  the  circuits  shown  in  Fig.  2.173.  All  resistances  are  in  ohms. 


WiA,  o-t 

4 


Fig.  2.17.1 

[(a)  8  V.  6  fl:  (ft)  120  V.  6  fl;  (c I  12  V.  6  12;  «/l  12  V.  20 12;  ie\  -  4(1  V,  5  £2;  (fl  -  12  V,  30  £2) 


Electrical  Technology 
Find  Thevenin's  equivalent  of  the  circuit*  shown  in  Fig.  2.174  between  terminals  A  and  B. 

[(a)  V  =  /       *2  +  V     *2  =       Rl    (b)      =        +  V;/?1  ;  = 

(c)  Vrt  =  -      K„,  =  R(  (J)  V(>1  =  -  V,  -  IR,  Rlh  =    (<>)  Not  possible! 
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Fig.  2.174 

6-  The  four  arms  of  a  Wheatstone  bridge  have  the  following  resistances  in  ohms. 

AB  -  100,  BC  =  10,  CD  =  5,  DA  =  60 
A  galvanometer  of  15  ohm  resistance  is  connected  across  BD.  Calculate  the  current  through  the 
galvanometer  when  a  ptential  difference  of  10  V  is  maintained  across  AC. 

[Elect.  Engg.  A.M.Ae.  S.I.Dec.  1991]  |4.88  mA| 
7.  Find  the  Thevenin  equivalent  circuit  for  the  network  shown  in  Fig.  2.175. 

[(a)  4  V ;  8  £1(6 1  6  V:  3  £1  <c"j  OV;  2/5  tl| 


— Or 
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<a>  (b) 
Fig.  2.175 

8.  Use  Thevenin's  theorem  to  find  current  in  the  branch  AB  of  the  network  shown  in  Fig.  2.176.  1 1  A| 
4,3  213 
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Fig.  2.176 


Fig.  2.177 
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9.  In  the  network  shown  in  Fig.  2. 177  find  the  current  that  would  flow  if  a  2-fi  resistor  were  connected 
between  points  A  and  B  by  using. 

(a)  Thevenin's  theorem  and  (ft)  Superposition  theorem.  The  two  batteries  have  negligible  resistance. 

|0.82  A  | 

HI.  State  and  explain  Thevenin's  theorem.  By  applying  Thevenin's  theorem  or  otherewise,  find  the 
current  through  the  resistance  R  and  the  voltage  across  it  when  connected  as  shown  in  Fig.  2. 1 78. 

|n().49  A.  ntNI.49  Y|  (Elect,  and  Meek  Technology.  Osmania  Unvi.  Dec.  1978) 


II. 
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Imr.  2.I7K  Fig.  2.179 

State  and  exaplin  Thevenin's  theroem. 

For  the  circuit  shown  in  Fig.  2. 1 79.  determine  the  current  through  RL  when  its  value  is  50  il.  Find  the 
value  of  RL  for  which  the  power  drawn  from  the  source  is  maximum. 

(Elect.  Technology  I,  Gwalior  Univ.  Nov.  1979) 
Find  the  Thevenin's  equivalent  circuit  for  terminal  pair  AB  for  the  netwrok  shown  in  Fig.  2.180. 

[ \'lh  -  -  16  V  and  Rlh  =  16  £l\ 
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Fin.  2.180  Fig.  2.181  Fig.  2.182 

1 3.  For  the  circuit  shown  in  Fig.  2. 1 8 1 .  determine  current  through  RL  when  it  lake*  values  of  5  and  1 0  £2. 

10.588  A.  0.408  A]  (Network  Theorem  and  Fields,  Madras  Univ.  !980) 

14.  Determine  Thevenin's  equivalent  circuit  which  may  be  used  to  represent  the  network  of  Fig.  2.182  at 


the  terminals  AB. 


11^  =  4.8%  /f,(,  =  2.4tl| 


1  £  For  the  circuit  shown  in  Fig.  2. 183  find  Thevenin's  equivalnet  circuit  for  terminal  pair  AS. 


[6  V.  6Q| 


Fig.  2.183 
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1 6.  ABCD  is  a  rectangle  whose  opposite  side  AH  .md  DC  represent  resistances  of  6  ii  each,  while  AD  and 
BC  represent  3  fl  each.  A  battery  of  e.rn.f.  4.5  V  and  negligible  resistances  is  connected  between 
diagonal  points  A  and  C  and  a  2  -  Q  resistance  between  B  and  D.  Find  the  magnitude  and  direction  of 
the  current  in  die  2-ohm  resistor  by  using  Thevcnin's  theorem.  The  positive  terminal  is  connected  to 
A.  (Fig.  2. 184)  [0.25  A  from  I)  lo  It]  (Basic  Electricity  Bombay  Univ.  Oct.  1977) 

1.12.  Delta/Star*  Transformation 

In  solving  networks  (having  considerable  number  of  branches)  by  the  application  of  Kirchhoff  s 
Laws,  one  sometimes  experiences  great  difficult)  due  to  a  large  number  of  simultaneous  equations 
that  have  to  be  solved.  However,  such  complicated  network  can  be  simplified  by  successively 
replacing  delta  meshes  by  equivalent  star  system  and  vice  versa. 

Suppose  we  are  given  three  resistance  /?,,.  ft-,,  and  /?,,  connected  in  delta  fashion  between 
terminals  1 ,  2  and  3  as  in  Fig.  2. 1 85  (a).  So  far  as  the  respective  terminals  are  concerned,  these  three 
given  resistances  can  be  replaced  by  the  three  resistances  Rv  /?,  and  fl,  connected  in  star  as  shown  in 
Fig.  2.185  {.by. 

These  two  arrangements  will  be  electrical!)  equivalent  if  the  resistance  as  measured  between 
any  pair  of  terminals  is  the  same  in  both  the  arrangements.  Let  us  find  this  condition. 


Fig.  2.185 

First,  take  delta  connection  :  Between  terminals  1  and  2,  there  are  two  parallel  paths;  one  having 
a  resistance  of  /?p  and  the  other  having  a  resistance  of  (Rr  +  Rit). 

R  x  (&,,  +  /?, .) 

Resistance  between  tenninals  1  and  2  is  =  -rf* — — ^ — e — 

/?,,  +(/?23  +  /?„» 

Now,  take  star  connection  :  The  resistance  between  the  same  terminals  1  and  2  is  (Jt.  +  R-,). 
As  terminal  resistances  have  to  be  the  same 

X  ^23  +  ^31 1 


Similarly,  for  lerminals  2  and  3  and  terminate  3  and  1.  we  get 

R  R  =  3m  x1^l  tM. 

R?.x{Rr  +  R^) 

Now,  subtracting  (;/')  from  (i)  and  adding  the  result  to  (Hi),  we  gel 

ft  =  =  — -  and  R,  =  B  *****  


...(f) 
...(//) 

„.(frV) 


In  Electronics,  slur  and  delta  circuits  an?  generally  referred  lo  as  T  and  71  circuits  respectively. 
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How  to  Remember  '.' 


It  is  seen  from  above  that  each  numerator  is  the  product  of  the  two  sides  of  the  delta  which  meet 
at  the  point  in  star.  Hence,  it  should  be  remembered  thai :  resistance  of  each  arm  of  the  star  is  given 
by  the  product  of  the  resistances  of  the  two  delta  sides  that  meet  at  its  end  divided  by  the  sum  of  the 
three  delta  resistances. 

2.23.  Star/Delta  Transformation  " 

This  tamsformation  can  be  easily  done  by  using  equations  (i),  (»)  and  (Hi)  given  above.  Multi- 
plying (i)  and  Hi),  {it)  and  (Hi).  (Hi)  and  (i)  and  adding  them  together  and  then  simplifying  them,  we 
get 


*i2  = 
Ri}  = 


=  R,+R,+ 


R\Ry+  R2R)  +  R^Rt  R2R} 

'  %'  =  R2+Rl+-/{- 

R^R-,+  R-iR^  +  R-\R{  „ 

  -  '        —  =  A, 


RJRi 

ft, 


How  to  Remember  ? 


The  equivalent  delta  resistance  between  any  two  terminals  is  given  by  the  sum  of  star  resis- 
tances between  those  terminals  plus  the  product  of  these  two  star  resistances  divide  by  the  third  star 
resistances. 

Example  2.88.  Find  the  input  resistance  <•] ''the  <  m  int  between  the  points  A  and  B  of  Fig 
2.IM6(a).  (AMIE  Sec.  B  Network  Analysis  Summer  1942 1 

Solution.  For  finding  RAB.  we  will  convert  the  delta  CDE  of  Fig.  2.186  (a)  into  its  equivalent 
star  as  shown  in  Fig.  2.186  (b). 

Rcs  =  8  x  4/18  =  16/9  £i;        =  8x6/18  =  24/9  CI;  «n(  =  6x  4/18  =  12/9  £2. 


OS 


The  two  parallel  resistances  between  S  and  B  can  be  reduced  to  a  single  resistance  of  35/9  £2. 


; 

c— 


4 


16/9: 


35/9 


5 
c— 


(t>)  (c) 

Pig  2.186 

As  seen  from  Fig.  2.186  (c),  RAB  =  4  +  (16/9)  +  (35/9)  =  87/9  £2. 

Kxample  2.89.  Calculate  the  equivalent  resistance  between  the  terminals  A  and  B  in  the  netwrok 
dmm  in  Fig.  2.187  (u).  (F.Y.  Enjy».  Pune  Univ.  May  1987) 

Solution.  The  given  circuit  can  be  redrawn  as  shown  in  Fig.  2.187  (b).  When  the  delta  BCD  is 
converted  to  its  equivalent  star,  the  circuit  becomes  as  shown  in  Fig.  2.187  (c). 

Each  arm  of  the  delta  has  a  resistance  of  10  £2.  Hence,  each  arm  of  the  equivalent  star  has  a 
resistance  =  10  x  10/30  =  10/3  £2.  As  seen,  three  are  two  parallel  paths  between  points  A  and  N.  each 
having  a  resistance  of  (10  +  10/3)  =  40/3  £2.  Their  combined  resistance  is  20/3  £2.  Hence, 
(20/3)+  10/3=  10  £2. 
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Example  2.90. 

method. 


mi 

Fig.  2.187 

Calculate  the  current  flowing  through  the  10  £2  resistor  oj  Fig.  2.188  (a)  by 

(Network  Theon.  Nagpur  Univ.  1993) 

Solution.  It  will  be  seen  thai  there  are  two  deltas  in  the  circuit  i.e.  ABC  and  DEF.  They  have 
been  converted  imo  their  equivalent  stars  as  shown  in  Fig.  2. 1 88  <b).  Each  arm  of  the  delta  ABC  has 
a  resistance  of  12  £1  and  each  arm  of  the  equivalent  star  has  a  resistance  of  4  £2.  Similarly,  each  arm 
of  the  delta  DEF  has  a  resistance  of  30  £2  and  the  equivalent  star  has  a  resistance  of  10  £2  per  arm. 

The  total  circuit  resistance  between  A  and  F  =  4  +  48  II  24  +  1 0  =  30  £2.  Hence  I  =  1 80/30  =  6  A. 

Current  through  10  £2  resistor  as  given  by  current-divider  rule  =  6  x  48/(48  +  24)  =  4  A. 


Fig.  2.188 

Example  2.91.  A  bridge  nenvork  ABCD  has  arms  AB,  BC,  CD  <tml  DA  of  resistances  I,  I,  2 
and  I  ohm  respectively.  If  the  detector  AC  has  a  resistance  of  I  ohm.  determine  by  star/delta 
transformation,  the  network  resistance  as  viewed  from  the  battery  terminals. 

(Basic  Electricity,  Bombay  Univ.  1980) 


(b) 


A0 


Fig.  2.189 


Solution.    As  shown  in  Fig.  2.189  (ft),  delta  DAC  has  been  reduced  to  its  equivalent  star. 


RD  - 


+  1  +  1 


=  0.5  £2,  Rt 


1 
4 


■-  0.25  Q,  Rr=-  =  0.5  £2 
4 
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Hence,  the  original  network  of  Fig.  2.189  (a)  is  reduced  to  the  one  shown  in  Fig.  2.189  (</).  As 
seen,  there  are  two  parallel  paths  between  points  N  and  B,  one  of  resistance  1 .25  L~l  and  the  other  of 
resistance  1 .5  £1.  Their  combined  resistance  is 

1.25x1.5     15  „ 
1.25  +  1.5  22 
Total  resistance  of  the  network  between  points  D  and  B  is 

Example  2.92.  A  network  of  resistances  is  formed  as  follows  as  in  Fig.  2.190  fa) 
AB  =  9L1:  BC=  I  LI;  CA  =  1.5  Q  forming  a  delta  and  AD  =  6  Q  :  BD  =  4  LI  and  CD  =  3  L~l 
forming  a  star.   Compute  the  ncrwork  resitance  measured  between  ffj  A  and  B  (ii)  B  and  C  and 
(Hi)  C  and  A.  (Basic  electricity,  Bombay  Univ.  1980) 


Solution.  The  star  of  Fig.  2. 190  (a)  may  be  converted  into  the  equivalent  delta  and  combined  in 
parallel  with  the  given  delta  ABC.  Using  the  rule  given  in  Art.  2.22,  the  three  equivalent  delta 
resistance  of  the  given  star  become  as  shown  in  Fig.  2. 190  (b). 

When  combined  together,  the  final  circuit  is  as  shown  in  Fig.  2.190  (c). 


CO 


As  seen,  there  are  two  parallel  paths  across  points  A  and  B. 

(a)  one  directly  from  A  to  B  having  a  resistance  of  6  CI  and 

(b)  the  other  via  C  having  a  total  resistance 


(ii) 


RBC  ~ 


20  10 


T     V        20  / 


_  6x  2.25 
AB  ~  (6+2.25) 


if 
1 1 


ii 


in 


441 


(-3-  +  6  +  ZL)  550 
V  in  T  u  T  20  ) 


LI 


am 


SrX  (6- 


y). 


R   _  2o  "  v1-'  •  to;  _ 621  n 

CA     (j!L+b+JL\     550  " 


Example  2. 93.  State  Norton's  theorem  and  find  current  using  Norton's  theorem  through  a 
load  of   LI  in  the  circuit  shown  in  Fig.  2. 19 Ha).  (Circuit  and  Field  Theory,  A.M.I.E.  Sec.  B.  1993) 

Solution.  In  Fig.  2.191  (b),  load  impedance  has  replaced  by  a  short-circuit. 

he  1 


N  =  200/2  =  100  A. 

JIM  A 

'200V  : 

6: 
10: 

20  3 

n 

* 

HO 

(a) 


Fig.  2.191 
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Norton's  resistance  RN  can  be  found  by  looking  into  the  open  terminals  of  Fig.  2.191  (a).  For 
this  purpose  A  ABC  has  been  replaced  by  its  equivalent  Star.  As  seen,  RN  is  equal  to  8/7  Q. 

Hence,  Norton's  equivalent  circuit  consists  of  a  100  A  source  having  a  parallel  resistance  of 
8/7£i  as  shown  in  Fig.  2.192  (c).  The  load  current  lL  can  be  found  by  using  the  Current  Divider  rule, 

(8/7) 


lOOx 


8 +  (8/7) 


=  12.5  A 


1 —  — 1 

-I  o 

>6 

A', 

I 

 o 

-qA 


:5J 


(0) 


-of 


1, 

100A 

)  1 

Example  2.94. 


ft) 

Fig.  2.192 

U$t  delta-star  conversion  to  find  resistance  between  terminals  AB'  of  the 


circuit  shown  in  f-ig.  2.IV3  (a).  All  resistances  are  in  ohms.       (Nagpur  University  April  I999| 


2fi 


Fig.  2.193(a) 

Solution.  First  apply  delta-star  conversion  to  CGD  and  EDF,  so  as  to  redraw  the  part  of  the 
circuit  with  new  configuration,  as  in  Fig.  2.193  (fr). 

a    5  n  C 


Fig.  2.193  (rf) 


Fig.  2.193  le) 


Simplify  to  reduce  the  circuit  to  its  equivalents  as  in  Fig.  2.193  (c)  and  later  as  in  Fig.  2.193  id). 
Convert  CHJ  to  its  equivalent  star  as  in  Fig.  2.193  (e).  With  the  help  of  series-parallel  combinations, 
calculate  RAD  as 
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RAB  ■  5.33  +  ( 1.176  x  4.12/5.296)  =  6.245  ohms 

Note  :  Alternatively,  after  simplification  as  in  Fig.  Id).  *'CDJ 
-  H"  star-configuration  can  be  transformed  into  delta.  Node  H 
then  will  not  exist.  The  circuit  has  the  parameters  as  shown  in 
Fig.  2.193  (/).  Now  the  resistance  between  C  and  J  (and  also 
between  D  and  /)  is  a  parallel  combination  of  7.2  and  2.8  ohms, 
which  2.016  ohms.  Along  CJD,  the  resistance  between  terminals 
AB  then  obtained  as  : 

RAB  =  5.0  +  (1.8  x  4.032/5.832) 
■  5.0+  1.244  =  6.244  ohms 


AO  AW 

50 


:i.8t! 


Bo- 


B     2,8  n 
Fig.  2.193  (/) 


F.xamplc  2.94  (a).  Find  the  resistance  at  the  AB  terminals  in  the  electric  circuit  of  Fig.  2.  IV* 
(g)  using  A-y  transformation.  [U.P.  Technical  University.  2001 1 

c 


Fig.  2.193  (g) 

Solution.  Convert  delta  to  star  for  nodes  C,  E.  F.  New  node  N  is  created.  Using  the  formu hie 
for  this  conversion,  the  resistances  are  evaluated  as  marked  in  Fig.  2.193  (ft).  After  handing  series 
parallel  combinations  for  further  simplifications. 

RAB  =  36  ohms. 


 /WW  

 0-1 

!  60  Q 

20  n  : 

*  180  V  1 

(Load)' 

i 

 1 

Fig.  2.193  i  if 


Fig.  2.193  (/') 


Rxanipk-  2.94  |/>I.    Consider  the  electric  circuit  shown  in  Fig.  2.19.1  (i) 

Determine  5  (if)  the  value  of  R  so  that  load  of  20  ohm  should  draw  the  maximum  power.  ( ii )  the 
value  of  the  maximum  power  drawn  hy  the  load.  [T'.P.  Technical  University,  204)1] 

Solution.  Maximum  power  transfer  takes  place  when  load  res.  =  Thevenin's  Resistance  =  20 
ohms,  here 

R/60  ~  20  ohms,  giving  R  =  30  ohms 


TH 


180  x  (60/90)=  120  volts 


Current  through  load  =  1 20/40  =  3  amps 
Maximum  Power  Load  =  180  watts 
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Tutorial  Problems  No.  2.6 
Delta/Star  Conversion 

1 .  Find  the  current  in  the  17  £i  resistor  in  the  network  shown  in  Fig.  2. 194  (a)  by  using  (a)  star/delta  conversion 
and  (b)  Thevenin's  theorem.  The  numbers  indicate  the  resistance  of  each  member  in  ohms.         [  1 0/3 A  i 

2.  Convert  the  star  circuit  of  Fig.  2.194  (b)  into  its  equivalent  delta  circuit.  Values  shown  are  in  ohms. 
Derive  the  formula  used.  (Elect.  Technology,  Indor  Univ.  1980) 


20 

o  AW- 


oll5  Vo- 


90 

-W  o 


6     f  4 
, — ^vV-L^WV — i 


510 


3 

i — VvV- 


5 


iB 


Fig.  2.194  (a»  Fig.  2.194  ib)  Fig.  1195 

3.  Determine  the  resistance  between  points  A  and  B  in  the  network  of  Fig.  2.195. 

|4.23  Ql  {Elect.  Technology.  Indor  Univ.  1977) 

4.  Three  resistances  of  20  LI  each  are  connected  in  star.  Find  the  equivalent  delta  resistance.  If  the  source 
of  e.m.f.  of  120  V  is  connected  across  any  two  terminals  of  the  equivalent  delta-connected  resistances, 
find  the  current  supplied  by  the  source.  [60  12.  3A|  (Elect.  Engg.  Calcutta  Univ.  1980) 


~=r  gv 


8  V(a)  (b) 
Fig.  2.1%  Fig.  2.197  ^ 

Using  delta/star  transformation  determine  the  current  through  the  galvanometer  in  the  Wheatstone  bridge 
of  Fig.  2.196.  (0.025  A  | 

With  the  aid  of  the  delta  star  transformation  reduce  the  network  given  in  Fig.  2-197  (a)  to  the  equivalent 
curcuit  shown  at  (b)  I R  =  5.38  £2 1 

Find  the  equivalent  resistance  between  points  A  and  B  of  the  circuit  shown  in  Fig.  2.198.  1 1.4  Kj 

By  first  using  a  delta-star  transformation  on  the  mesh  ABCD  of  the  circuit  shown  in  Fig.  2. 1 99,  prove  that 
the  current  supplied  bv  the  battery  is  90/83  A. 

40  20 
2R  ,  AMA— i  W— 


10 


50 

w 

5 

-m- 


2R 

Fig.  2.198 


30  V 

Fig.  2.199 
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2.24.  Compensation  Theorem 

This  theorem  is  particularly  usful  for  the  foUowing  two  purposes  : 

(a)  For  analysing  those  networks  where  the  values  of  the  branch  elements  are  varied  and  for 
studying  the  effect  of  tolerance  on  such  values. 

( /) )  For  calculating  the  sensitivity  of  bridge  network. 

As  applied  to  d.c.  circuits,  it  may  be  stated  in  the  following  to  ways  : 

(0  In  its  simplest  form,  this  theorem  asserts  that  any  resistance  R  in  a  branch  of  a  network  in 
which  a  current  I  is  flowing  can  be  replaced,  for  the  purposes  of  calculations,  by  a  voltage 
equal  to  -  IR. 

OR 

(h)  If  the  resistance  of  any  branch  of  network  is  cliangedfrom  R  to  (R  +  AR)  where  the  current 
flowing  originally  is  I,  the  change  of  current  at  any  other  place  in  the  network  may  be 
calculated  by  assuming  that  an  e.m.f.  -  I.  AR  has  been  injected  into  the  modified  branch 
while  all  other  sources  have  their  e.m.f  s.  suppressed  and  are  represented  by  their  internal 
resistances  only. 

Kxmaple  2.95.  Calculate  the  values  of  new  currents  in  the  netw  ork  illustrated  in  Fig.  2.200 
w  hen  the  resistor  R ,  is  increases  by  30  %. 

Solution,    in  the  given  circuit,  the  values  of 
various  branch  currents  are 


/,  -5A 


/,  =  75/(5  +  10)  =  5  A 
l2  =  /3  =  2.5A 
Now,  value  of 

/?,  =  20  +  (0.3  x  20)  =  26  £2 
AR  =  6  £2 
V  =  -I^AR 


2.5A 


20  Q 


Fig.  2.21M) 


=  2.5x6  =  -  15  V 

The  compensating  currents  produced  by  this  voltage  are  as  shown  in  Fig.  2.201  (a). 
When  these  currents  are  added  to  the  original  currents  in  their  respective  branches  the  new 
current  distribution  becomes  as  shown  in  Fig.  2.201  (b) 


26  n 


15  V 


26  Q 


fa) 


(b) 


Fig.  2.201 


2.25  Norton '<«  Xlm+Ferr. 


This  theorem  is  an  alternative  to  the  Thevenin's  theorem.  In  fact,  it  is  the  dual  of  Thevenin's 
theorem.  Whereas  Thevenin's  theorem  reduces  a  two-terminal  active  network  of  linear  resistances 
and  generators  to  an  equivalent  constant-voltage  source  and  series  resistance.  Norton's  theorem 
replaces  the  network  by  an  equivalent  constant  current  source  and  a  parallel  resistance. 
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This  theorem  may  be  stated  as  follows  : 

(i)  Any  two-terminal  active  network  containing  voltage  sources  and  resistance  when  viewed 
from  its  output  Utiiumaa  .  u  equivalent  to  a  consiant-c\>rrent  source  and  a  narallei  resistance.  The 
constant  current  is  equal  to  the  current  which  would  jtv*  in  a  short-circuit  placed  across  the 
terminals  and  parallel  resistance  is  the  resistance  of  the  network  when  viewed  from  these  open- 
circuited  terminals  after  all  voltage  and  current  sources  have  been  removed  and  replaced  by  their 
internal  resistances. 

Constant  Current 
Source 


Network 

(with  sources) 


A 

-Q  _ 

"3 
| 


-o  si 

B 


Network 

(no  BOiMOM ) 


la) 


(b) 


Internal 
Resistance  Infinite 

fcj 

Fig.  2.202 


Kxplanation 

As  seen  from  Fig.  2.202  (a),  a  short  is  placed  across  the  terminals  A  and  B  of  the  network  with 
all  its  energy  sources  present.   The  short-circuit  current  Isc  gives  the  value  of  constant-current 

source. 

For  finding  /?,.  all  sources  have  been  removed  as  shown  in  Fig.  2.202  (b).  The  resistance  of  the 
network  when  looked  into  from  terminals  A  and  B  gives  Rr 

The  Norton's  equivalent  circuit  is  shown  in  Fig.  2.202  (c).  It  consists  of  an  ideal  constant- 
current  source  of  infinite  internal  resistance  (Art.  2.16)  having  a  resistance  of  Aj  connected  in  paral- 
lel with  it.  Solved  Examples  2.96,  2.97  and  2.98  etc.  illustrate  this  procedure. 

(ii)  Another  useful  generalized  form  of  this  theorem  is  as  follows  : 

The  voltage  between  any  two  points  in  a  network  is  equal  to  lsc  Rt  where  Isc  is  the  short-circuit 
current  between  the  fu't?  points  and  Ri  is  the  resistance  of  the  network  as  viewed  from  these  points 
with  all  voltage  sources  being  replaced  by  their  internal  resistances  (if  any)  and  current  sources 
replaced  by  open-circuits. 

Suppose,  it  is  required  to  find  the  voltage  across  resistance  Ry  and  hence  current  through  if  [Fig. 
2.202  (d)].  If  short-circuit  is  placed  between  A  and  B,  then  current  in  it  due  to  battery  of  e.m.f.  E,  is 
El/R]  and  due  to  the  other  battery  is  E-JR2. 


he  — 


where  G,  and  G2  are  branch  conductances. 


Now,  the  internal  resistance  of  the  network  as  viewed  from  A  and  B  simply  consists  of  three 
resistances  Rt.  R.  and  R,  connected  in  parallel  between  A  and  B.  Please  note  that  here  load  resistance 
W3  has  not  been  removed.  In  the  first  method  given  above,  it  has  to  be  removed. 


—   =  — +  — +  — =  G.  +  G, +  G, 


R  = 


1 


G,  +  G,  +  G3 


VAB  ~  he1*!  = 


Gj  +  Gi  +  G« 


After  ELL,  Norton.  formereh  an  engineer  al  Bell  Telephone  Laboratory  U.S.A. 
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Current  through  R2  is  /3  =  VAg/Rr 
Solved  example  No.  2.96  illustrates  this  approach. 

2.26.  How  To  Nortonizc  a  Given  Circuit  ? 

This  procedure  is  based  on  the  first  statement  of  the  theorem  given  above. 

1 .  Remove  the  resistance  (if  any)  across  the  two  given  terminals  and  put  a  short-circuit  across 
them. 

2.  Compute  the  short-circuit  current  lsc. 

3.  Remove  all  voltage  sources  Uit  retain  their  internal  resistances,  if  any.  Similarly,  remove 
all  current  sources  and  replace  them  by  .Myn-circuits  i.e.  by  infinite  resistance. 

4.  Next,  find  the  resistance  /?,  (also  called  RN)  of  the  network  as  looked  into  from  the  given 
terminals.  It  is  exactly  the  same  as  Rlh  (Art.  2.16). 

5.  The  current  source  (/JC)  joined  in  parallel  across  Ri  between  the  two  terminals  gives  Norton's 
equivalent  circuit. 

As  an  example  of  the  above  procedure,  please  refer  to  Solved  Example  No.  2. 87,  88,  90  and  9 1 
given  below. 

Example  2.96.  Determine  the  TJuveniH  wul  Norton  equivalent  circuits  between  terminal*  A 
and  B  for  the  voltage  divider  circuit  of  Fig.  2.203  la). 

Solution.  ui\  Thevenin  Equivalent  Circuit 

a 

Obviosuly,      =  drop  across  Rz=  E 


Ry  +  R^ 


When  battery  is  replaced  by  a  short-circuit. 
,  VW- 


01 


A 
-o 


ft  114 


(c) 


B 


0» 

Fig.  2.203. 
Rt  =  Rt  II  R2  =  Rl  ty{R{  +  Rz) 
Hence,  Thevenin  equivalent  circuit  is  as  shown  in  Fig.  2.203  (b). 
[h)  Norton  Equivalent  Circuit 

A  short  placed  across  terminals  A  and  B  will  short  out  R,  as  well.  Hence,  I5C  =  EJRX.  The 
Norton  equivalent  resistance  is  exactly  the  same  as  Thevenin  resistance  except  that  it  is  connected  in 
parallel  with  the  current  source  as  shmvn  in  Fig.  2.203  (r) 

Example  2.97.  Using  Norton's  theorem,  find  the  constant  -current  equivalent  of  the  circuit 
shown  in  Fig.  2.204  (ai. 

Solution.  When  terminals  A  and  B  are  short-circuited  as  shown  in  Fig.  2.204  (b),  total  resis- 
tance of  the  circuit,  as  seen  by  the  battery,  consists  of  a  10  tl  resistance  in  series  with  a  parallel 
combination  of  1 0  £1  and  1 5  £2  resistances. 

15x10 


total  resistance      =10  + 


15  +  10 


=  ien 


battery  current 


I  =  100/16  =  6.25  A 
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2.5A 


-OA 


■20fl 


-oB 


(b)  (c) 

Fig.  2.204 

This  current  is  divided  into  two  parts  at  point  C  of  Fig.  2.204  (b). 
Current  through  A  B  is  /sc  =  6.25  x  10/25  =  2.5  A 

Since  the  battery  has  no  internal  resistance,  the  input  resistance  of  the  network  when  viewed 
from  A  and  B  consists  of  a  15  £2  resistance  in  series  with  the  parallel  combination  of  10  £2  and  10  £2. 
Hence,  fl,  =  15  +  (10/2)  =  20  £2 

Hence,  the  equivalent  constant-current  source  is  as  shown  in  Fig.  2.204  (c). 

F\Hiiiple  2.98.  Apply  Norton'*  theorem  to  ttiliulme  no-rent  flowing  through  5  -  £2  resistor  of 
Fxg  2.05 

Solution,  (i)  Remove  5  -  £2  resistor  and  put  a  short  across  terminals  A  and  B  as  shown  in 
Fig.  2.205  (b).  As  seen,  10-f2  resistor  also  becomes  short-circuited. 

(ii)  Let  us  now  find  Isc.  The  battery  sees  a  parallel  combination  of  4  £2  and  8  £2  in  series  with 
a4fl  resistance.  Total  resistance  seen  by  the  battery  =  4  +  4  II  8  =  20/3  £2.  Hence,  /  =  20  +  20/3  - 
3  A.  This  current  divides  at  point  C  of  Fig.  2.205  (b).  Current  going  along  path  CAB  gives  Isc.  Its 
values  3x4/12-  1  A. 


(c)  (d)  (e) 

Fig.  2.205 

{Hi)  In  Fig.  2.205  (c),  battery  has  been  removed  leaving  behind  its  internal  resistance  which,  in 
:.his  case,  is  zero. 

Resistance  of  the  network  looking  into  the  terminals  A  and  B  in  Fig.  2.205  (d)  is 

Rt  =  10  II  10  =  5  £2 
(iv)  Hence,  Fig.  2.205  (e ),  gives  the  Norton*s  equivalent  circuit. 
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( v)  Now.  join  the  5  -  £1  resistance  back  across  terminals  A  and  B  The  current  flowing  through 
it,  obviously,  is  1AB  =  1  x  5/10  =  0.5  A. 

Example  2.9V.  Find  rlie  voltage  across  points  A  and  B  in  the  network  shown  in  (-1%,  2.206  ta) 
by  using  Norton  'a  theorem. 

Solution.  The  voltage  between  points  A  and  B  is  VM  =  Jsc  R, 
where  Isc  =  short-circuit  current  between  ,4  and  B 

Rt  =  Internal  resistance  of  the  network  as  viewed  from  points  A  and  B. 

When  short-circuit  is  placed  between  A  and  fl,  the  current  flowing  in  it  due  to  50-V  battery  is 

=  50/50  =  I  A  -  from  A  to  B 

Currenl  due  to  100  V  battery  is  =  100/20  =  5  A  -  from    to  A 

Isc  =  I  -  5  =  -  4  A  -  from  B  to  A 


Fii>.  2.206  {a) 


Zero  Resistance 
Fig.  2.206  (*) 


Now.  suppose  thai  the  two  batteries  are  removed  so  that  uie  circuit  becomes  as  shown  in  Fig. 
2.206  {h).  The  resistance  of  the  network  as  viewed  from  points  A  and  B  consists  of  three  resistances 
of  lOfi,  20  LI  and  50  £1  ohm  connected  in  parallel  (as  per  second)  statement  ol  Norton's  theorem), 

J_ 

R, 


-U-U-L; 
10     20  50 


hence  Rt  =  -js-  £2 


Vab  =  -  4  x  100/17  =  -  1X5  V 
The  negative  sign  merely  indicates  that  point  B  is  at  a  higher  potential  with  respect  to  the  point  A. 

Example  2.100.  Using  Norton  's  theorem,  calculate  the  current  flowing  through  the  15  il  UmA 
irsiuor  in  the  circuit  of  Fig.  2.207  <a).  All  resistance  values  are  in  ohm. 

Solution,  [a)  Short-Circuit  Current  /Sf.  1 

As  shown  in  Fig.  2.207  (&),  terminals  A  and  B  have  been  shorted  after  removing  15  Q  resistor. 
We  will  use  Superposition  meorem  to  find  Isc. 

(i)   W  hen  Only  Current  Source  is  Present 

In  this  case,  30-V  battery  is  replaced  by  a  short-circuit.  The  4  A  current  divides  at  point  D 
between  parallel  combination  of  4  £1  and  6  Q,  Current  through  6  £1  resistor  is 

1^'  =  4  x  4/(4  +  6)  =  1.6  A  -  from  5  to  A 

In)  When  Only  Battery  is  Present 

In  tins  case,  current  source  is  replaced  by  an  open-circuit  so  that  no  current  flows  in  the  branch 
CD.  The  current  supplied  by  the  battery  constitutes  the  short-circuit  current 


1"  -  30/(4  +  6)  =  3  A 


/    =  /  " 


/  '  =  3  -  1 .6  =  1.4  A 


-  from  A  to  B 

-  from  A  to  B 
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SC 


(t) 


o.c. 


;  15| 

1.4A 

B 

Fig.  2.207 


(i 


Norton's  Parallel  Resistance 
As  seen  from  Fig.  2.207  (c)  J?,  =  4  +  6  =  10  Q.  The  8  £1  resistance  does  not  come  into  the  picture 
because  of  an  open  in  the  branch  CD. 

Fig.  2.207  (d)  shows  the  Norton's  equivalent  circuit  along  with  the  load  resistor. 

IL  =  1.4  x  10(10+  15)=  0.56  A 

Example  2.101.  Using  Norton  's  current  source  equivalent  circuit  of  the  network  shown  in 
Fig.  2.208  ia).  fuul  the  current  that  would jlow  through  the  resistor  R:  when  it  takes  the  values  of  12. 
24  and  36  £2  respectn  U  \  [Elect  Circuits,  South  Gujarat  Univ.  1987] 

Solution.  In  Fig.  2.208  (i>),  terminals  A  and  B  have  been  short-circuited.  Current  in  me  shorted 
path  due  to  El  is  =  1 20/40  =  3  A  from  A  to  B.  Current  due  to  E2  is  180/60  =  3  A  from  A  to  B.  Hence 
lsc  =  6A.  With  batteries  removed,  the  resistance  of  the  network  when  viewed  from  open-circuited 
terminals  is  =  40  II  60 

m 

(ii)  When  R 


24  Q. 


When  RL  =  12  £1 

=  24  n 


(Hi) 


When  RL  =  36  £1 


IL  =  6  x  24(24+  12)=  4  A 
IL  m  6/2  =  3  A. 
/,  =  6  x  24/(24  +  36)  =  2.4  A. 


— 

40 

s 

120  V 


*3 

-W- 
60 


180  V 


AW- 
40 


'SC 


■W — I 

60 


 W— o^W- 

40  60 


6A 


:24 


B  B  b 

(a)  m  (c)  (d) 

Fig.  2.208 

Example  2.102.  Using  Norton  s  theorem,  calculate  the  current  in  the  fVii  resistor  in  the  net- 
wt>rk  of  Fig.  2.20V  \  uh  Ail  rr.\i.\tance  are  in  ohms. 


12  A 

t( 

I  ( 


A         4        C  10 

_<VW — -X  VAr 


B       (a,  D 
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12A 


4  C 

-AM — o 


.S3  i> 

£  o.c. 


H 

IB 


4 


10 

-AW  1 


8A 


B 

to 


8A 

< 

i 

;6 

id) 

Fig.  2.209 

Solution.  When  Ihe  branch  containing  6  -  £2  resistance  is  short-circuited,  the  given  circuit  is 
reduced  to  that  shown  in  Fig.  2.209  (b)  and  finally  to  Fig.  2.209  (c).  As  seen,  the  12  A  current 
divides  into  two  unequal  parts  at  point  A.  The  current  passing  through  4  H  resistor  forms  the  short- 
circuit  current  /sc. 

Resistance  Ri  between  points  C  and  D  when  they  are  open-circuited  is 
(4  +  8)x(10+  2) 


R.  = 


=  8£1 


(4 +  8) +  (10+ 2) 

It  is  so  because  the  constant-current  source  has  infinite  resistance  i.e.,  it  behaves  like  an  open 
circuit  as  shown  in  Fig.  2.209  {d). 

Hence,  Norton's  equivalent  circuit  is  as  shown  in  Fig.  2.209  (e).  As  seen  current  of  8  A  is 
divided  equally  between  the  two  equal  resistances  oF6  £2  each.  Hence,  current  through  the  required 
6  Q  resistor  is  4  A. 


'sc 


=  \2x 


B 


8  +  4 


■  8  A 


Example  2.103.  Using  Norton's  theorem,  find  the  current  which  would  flow  in  a  25  -  12 
resistor  connected  between  points  N  and  O  in  Fig.  2.210  (a).  Alt  resistance  values  are  in  ohms. 

Solution.  For  case  of  understanding,  the  given  circuit  may  be  redrawn  as  shown  in  Fig.  2.210 
(b).  Total  current  in  short-circuit  across  ON  is  equal  to  the  sum  of  currents  driven  by  different 
batteries  through  their  respective  resistances. 


,         10  .  20  .  30    ,  ,  , 

f* =  y+To  +  2o=55A 


The  resistance  Rt  of  the  circuity  when  looked  into  from  point  N  and  O  is 

1   ,  1 


±-    =  1  + 

5    10  20 


^12;  Ri  =  ~Cl  =  2.86  12 


30  V 


30  V 


Fig.  2.210 
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Hence,  given  circuit  reduces  to  that  shown 
in  Fig.  2.211  (a). 

Open-circuit  voltage  across  NO  is  =  iscRj 
=  5.5x2.86=  15.73  V 

Hence,  current  through  25-ft  resistor  con- 
nected across  NO  is  [Fig,  2,211  (£>)] 
/  =  15.73/25  =  0.65  A 


or 


/  = 


.  5.5  x 


2.86 


-5.5A 


2.86  +  25 


-0.56  A 


2.86 


fa) 


■GO- 


-5.5A 


-AW^ 


O  N 
Fig.  2.211 


25 


o 


Example  2.104.  With  the  help  of  Norton  'i 
theorem,  find  V  in  the  circuit  shown  in  Fig. 
2.212  loi  All  resistances  are  in  ohms. 

Solution.  For  solving  this  circuit,  we  will  Nortonise  the  circuit  to  the  left  to  the  terminals  1  -  I ' 
and  to  the  right  of  terminals  2  -  2',  as  shown  in  Fig.  2.212  (b)  and  («.-)  respectively. 


or  2'o 


Fig.  2.212 


1  < 

) 

2 

,7.5A 

:2  4i 
1' 

2' 

i  C 

2. 5  A 


2.5A 


(a) 


Fig.  2.213 

The  two  equivalent  Norton  circuits  can  now  be  put  back  across  terminate  1-1'  and  2-2',  as 
shown  in  Fig.  2.213  {a). 

The  two  current  sources,  being  in  parallel,  can  be  combined  into  a  single  source  of  7.5  +  2.5  = 
10  A.  The  three  resistors  are  in  parallel  and  their  equivalent  resistances  is  2 II 4  II 4  =  1  £2.  The  value 
of  Vo  as  seen  from  Fig.  2.213  (b)  is  V0  =  10  x  1  =  10  V. 

Example  2.105.  For  the  circuit  shown  in  Fig.  2.214  (&),  calculate  the  current  in  the  6  £1 
resistance  by  using  Notion's  theorem.  (Elect.  Tech.  Osmania  Univ.  Feb.  1992) 


4 


2 


.4  V 


i  v 


5  V 


(a) 


-.  W  

-^H1  9 

1    0  ' 

.5V  V/ 

 0 

/hi  B 

A 


(C) 


Fig.  2.214 
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Solution.  As  explained  in  Art.  2.19,  we  will  replace  the  6  resistance  by  a  short-circuit  as 
shown  in  Fig.  2.214  (b).  Now,  we  have  to  find  the  current  passing  through  the  short-circuited 
terminals  A  and  B.  For  this  purpose  we  will  use  the  mesh  analysis  by  assuming  mesh  currents  /, 


and  7,. 

From  mesh  (/),  we  get 

3 -4  7,-4(7,-/2) +  5  =  0    or    2  7,  -  72  =  2  ...(0 
From  mesh  (if),  we  get 

-2  72-4-5-4(/2-/,)  =  0    or   4/,-6/2  =  9  ...(,i) 
From  (0  and  (ii)  above,  we  get  72  =  -  5/4 

The  negative  sign  shows  mat  the  actual  direction  of  flow  of  /2  is  opposite  to  that  shown  in  Fig. 

2.214  (b).  Hence,  lsh  =  IN  =  7,  =  -  5/4  A  i.e.  current  flows  from  point  B  to  A. 

After  the  terminals  A  and  B  are  open-circuited  and  the  three  batteries  are  replaced  by  short- 
circuits  (since  their  internal  resistances  are  zero),  the  internal  resistance  of  the  circuit,  as  viewed 
from  these  terminals'  is 

Ri  =  /?V=2  +  4II4  =  4Q 
The  Norton's  equivalent  circuit  consists  of  a  constant  current  source  of  5/4  A  in  parallel  with  a 
resistance  of  4  £2  as  shown  in  Fig.  2.214  (c).  When  6  S2  resistance  is  connected  across  the  equivalent 
circuit,  current  through  it  can  be  found  by  the  current-divider  rule  (Art). 

5  4 

Current  through  6  £2  resistor  =  -  x  —  =  0.5  from  B  to  A 

4  10 

2.27.  General  instructions  For  Finding  Norton  Equivalent  Circuit 

Procedure  for  finding  Norton  equivalent  circuit  of  a  given  network  has  already  been  given  in 
Art.  That  procedure  applies  to  circuits  which  contain  resistors  and  independent  voltage  or  current 
sources.  Similar  procedures  for  circuits  which  contain  both  dependent  and  independent  sources  or 
only  dependent  sources  are  given  below  : 

{a)  Circuits  Containing  Both  Dependent  and  Independent  Sources 
(0  Find  the  open-circuit  voltage  vn  with  all  the  sources  activated  or  'alive', 
(it)  Find  short-circuit  current  iih  by  short-circuiting  the  terminals  a  and  b  but  with  all  sources 
activated. 

(ft I  Circuits  Containing  Dependent  Sources  Onlv 

(tt)  Connect  1  A  source  to  the  terminals  a  and  b  calculate  v^. 

Example  2.106.  Find  the  Norton  equivalent  for  the  transistor  amplifier  circuit  shown  is  Fig. 

2.215  (a).  All  resistanes  are  in  ofans. 

200  200 
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Solution.  We  have  to  find  the  values  of  ish  and  Rs.  It  should  be  noted  that  when  terminals  a  and 
b  are  shon-circuited,  =  0.  Hence,  in  that  case,  we  find  from  the  left-hand  portion  of  the  circuit 
that  i  =  2/200  =  1/100A  =  0.01  A.  As  seen  from  Fig.  2.215  (b).  the  short-circuit  across  terminals  a 
and  b,  short  circuits  20  £2  resistance  also.  Hence,  ish  =  -  5  i  =  -  5  x  0.0 1  =  -  0.05  A. 

Now,  for  finding  RN.  we  need  vtK  =  from  the  left-hand  portion  of  the  Fig.  2.215  (a).  Apply- 
ing KVL  to  the  closed  circuit,  we  have 

2  -200!- =  0  ...(/) 

Now,  from  the  right-hand  portion  of  the  circuit,  we  find  vab  =  dropover  20  Q  resistance  =  -  20 
x  5/  =  -  100  /'.  The  negative  sign  is  explained  by  the  fact  thai  currert  flows  from  point  b  towards 
point  a.  Hence,  j  =  -  v-,/100.  Substituting  this  value  in  Eqn.  (/).  above,  we  get 
2-200(-VI00)-vrf  =  0    or    vd  =  -2V 

Hence,  the  Norton  equivalent  circuit  is  as  shown  in  Fig.  2.215  (r). 

Example  2.107.  Using  Norton's'  theorem,  compute  current  through  the  l-Q.  resistor  of  Fig. 
2.2/6. 

Solution.  We  will  employ  source  conversion  technique  to  simplify  the  given  circuit.  To  begin 
with,  we  will  convert  the  three  voltge  sources  into  their  equivalent  current  sources  as  shown  in  Fig. 
2.216  (b)  and  (t).  We  can  combine  together  the  two  current  sources  on  the  left  of  EF  but  cannot 
combine  the  2-A  source  across  CD  because  of  the  3-fl  resistance  between  C  and  E. 


2 

i  VvW- 


(a) 


(c) 


Fig.  2.216 

In  Fig.  2.217  (b),  the  two  current  sources  at  the  left-hand  side  of  3  Q  resistor  have  been  replaced 
by  a  signle  (2  A  +  1  A)  =  3  A  current  source  having  a  single  parallel  resistance  6  II  6  =  3  Q. 
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I.5A 


CD 


2A 


Q) 


:12 


3.5A 


0 


Fig.  2.217 

We  will  now  apply  Norton's  theorem  to  the  circuit  on  the  left-hand  side  of  CD  [Fig.  2.217  (c)] 
to  convert  it  into  a  single  current  source  with  a  single  parallel  resistor  to  replace  the  two  3  CI  resistors. 
As  shown  in  Fig.  2.217  (d),  it  yields  a  1.5  A  current  source  in  parallel  with  a  6  CI  resistor.  This 
current  source  can  now  be  combined  with  the  one  across  CD  as  shown  in  Fig.  2.21 7  (e).  The  current 
through  the  1-Q  resistor  is 

/  =  3.5  x  4/(4+  1)=  2.8  A 

Example  2.108.  Obtain  Tlurvenin's  anil  Norton's  equivalent  circuits  (it  AB  shown  in  Fig. 
2MS  lal.  [Elect.  Network.  Analysis  Nagpur  Univ.  IW3| 

Solution.    Thevenin's  Equivalent  Circuit 

We  will  find  the  value  of  Vth  by  using  two  methods  (/)  KVL  an  (if)  mesh  analysis. 


(a)  (b) 
Fig.  2218 

\a)  Using  KVL 

If  we  apply  KVL  to  the  first  loop  of  Fig.  2.218  (a),  we  get 

80-5.c-4.v-  =0   or   5.t  +  4y  =  80 
From  the  second  @  loop,  we  have 

-  11  (*->■)  +  20+  4y  =  0   or    llx-15y  =  20 
From  (/)  and  (u),  we  get  x  =  10.75  A;    y  =  6.56  A  and  (jc  -  _v)  -  4.2  A. 
Now,  Vth  -  Vw  i.e.  voltage  of  point  A  with  respect  to  point  B.  For  Finding  its  value,  we  start 
from  point  B  and  go  to  point  A  either  via  3  CI  resistance  or  4  ft  resistance  or  (5  +  8)  =  1 3  £2  resistance 
and  take  the  algebraic  sum  of  the  voltage  met  on  the  way.  Taking  the  first  route,  we  get 


...(<) 
...07) 


'AB 


=  -20+  3  (*-y)=-20+3x4.2  =  -7.4  V 


It  shows  that  point  A  is  negative  with  respect  to  point  B  or.  which  is  the  same  thing,  point  B  is 
positive  with  respect  to  point  A. 
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<b\  Mesh  Analysis  | Fig.  2.218  (/»)] 


Here, 


R„  =  9 


9  -4 

80 

-4  15 

'a 

20 

R22  =  15;  R2l  =  -4 
A  =  135 -16  =  119 


A,  = 


80 
20 


-4 

15 


=  1280.  A2  = 


9 

-4 


SO 

20 


500 


%  = 


1280/119=  10.75  A  ; 
-20+  12.6  = -7.4  V 


12  =  500/1 19  =  4.2  A 


Again 
Value  or  Rth 

For  finding  Rlfl,  we  replace  the  two  voltage  sources  by  short-circuits. 


s  3  II  (8  +  4  II  5)  =  2.32  £1 


The  Thevenin's  equivalent  circuit  becomes  as  shown  in  Fig.  2.219  (c).  It  should  be  noted  that 
point  B  has  been  kept  positive  with  respect  to  point  A  in  the  Fig. 

Example  2.10*>.  Find  current  in  (he  4  ohm  resistor  by  any  three  methods. 


SA 


T 


2A 


Fig.  2.219 

[Bombay  University  2IM)0| 

Solution.  Method  1  :  Writing  down  circuit  equations,  with  given  conditions,  and  marking 
three  clockwise  loop-currents  as     /2  and  i3. 

ij  =  5  A,  due  to  the  current  source  of  5  Amp 
VA  -  VB  =  6  V,  due  to  the  voltage  source  of  6  Voltage 
i3  -  ij  =  2  A,  due  to  the  current  source  of  2  Amp. 
VA  =  (1,-12)2,  Vfi  =  i3x4 
With  these  equations,  the  unknowns  can  be  evaluated. 

2  (i,  -  i2)  -  4  f,  =  6,2(5-i2)-4(2  +  i2)  =  6 
This  gives  the  following  values  :  i2  =  -  2/3  Amp.,  i3  =  4/3  Amp. 

VA  =  34/3  volts,  VB  =  16/3  volts 
Method  2  :  Thevenin's  theorem  :  Redraw  the  circuit  with  modifications  as  in  Fig.  2.219  (b) 
/Tra  =  +14-6  =  8V 

RTH  s  2  ohms,  looking  into  the  circuit  form  X-Y  terminals  after 
de-activating  the  sources 
1L  =  8/(2  +  4)  =  4/3  Amp. 
Method  3  :  Norton's  Theorem  :  Redraw  modifying  as  in  Fig.  2.219  (c) 

lH  =  2  +  2  =  4  Amp. 

This  is  because,  X  and  Y  are  at  ground  potential,  2-ohm  resistor  has  to  carry  3  A  and  hence  from 
5-Amp.  source.  2- Amp  current  is  driven  into  X-Y  nodes. 

RN  =  2  ohms 

Then  the  required  current  is  calculated  as  shown  in  Fig.  2.2 19  (d) 


DC  Network  Theorems 


149 


5  A 


6V 


2A 


0 


2Q 


4A 


2  A 


8/37 


4  A 
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1 


Fig.  2.219  (c)   Evaluation  of  1^ 


Fig.  2.219  {d) 


Nutc  :  One  more  method  is  described.  This  transforms  the  sources  such  that  the  current  through  4-ohm 
resistor  is  evaluated,  as  in  final  stage  shown  in  Fig.  2.219  (j)  or  in  Fig.  2.219  (Jt). 
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Fig.  2.219  {/) 


Fig.  2.219  (A) 
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,  4/3  amp 


Fig.  2.219  (Jt) 
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Fig.  2.219  tj) 

Example  2.109.  (a).  Find  Mesh  currents  i,  and  i2 
in  the  electric  circuit  of  Fig.  2.219  fm) 

[U.P.  Tech.  University,  2001  | 

Solution.  Mark  the  nodes  as  shown  in  Fig.  2.219  (m) 

Treat  O  as  the  reference  node. 

From  the  dependent  current  source  of  3t(  amp 
between  B  and  O, 

i2  -  i,  =  3i,    or   4/,  =  i,  ...{a) 

Vs  is  related  to  VA,  Vc  and  the  voltage  across  resis- 
tors concerned 

V8  =  VA-i1xt=4-f1 

VB  =  Vc  +  i,  x  2  =  3  +  2i, 
Hence  4  —  i,  =  3  +  2i2 

From  equations  (a)  and  </>)  above,  /,  =  1/9  amp  and  i2  =  4/9  amp 
Substituting  these,  Vfl  a  35/9  volts 

Example  2.109  [b)%  Determine  current  through  6  ohm  resistance  connected  across  A~B  termi- 
nals in  the  electric  circuit  of  -  2.219  (n).  using  Thevenin's  Theorem.        [U.P.  Tech.  Univ.  2001 1 


Fig.  2.219  {m 


■(b) 


15(1 
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6fl 


'  °B 

Fig.  2.219  un 

Solution.  Applying  Thevenin's  theorem,  after  detaching  the  6-ohm  resitor  from  terminals 
A-B, 

Vm  =  Vc  =15-1x3=12  volts 
RTH  =  4  +  3/6  =  6  ohms 
lL  =  12/(6  +  6)  =  lamp 

Example  2.109  (c).  Applying  Kit-chaff's  Current  Law.  determine  current  lt  in  the  electric  cir- 
cuit of  Fig.  2.2/0  f/»J.  Take  V,  =  16  V.  fU.P.  Tech.  Llniv.  2001] 


Fig.  2.219  ip) 


Solution.  Mark  the  nodes  A,  B,  and  O  and  the  currents  associated  with  different  branches,  as  in 
Fig.  2.219  (p). 

Since  VQ=  16  V,  the  current  through  8-ohm  resistor  is  2  amp. 

KCL  at  node  B  ;  1/4  V,  =  2  +  ia  ...(a) 
KCL  at  node  A :  Is  +  ia  =  V,/6  ...(b) 

Further,  VA  =  Vt,  VB  =  16,  V9  -  Vt  =  4ifl  ...(c) 

From  (a)  and  (c),  <fl  =  1  amp.  This  gives  V,  -  VA  =  12  volts,  and  ls  =  1  amp 
The  magnitude  of  the  dependent  current  source  =  3  amp 
(  heck  :  Power  from  1  amp  current  source  =  I  x  12  =  12  W 
Power  from  dependent  C.S.  of  3  A  =  3  x  16  =  48  W 
Sum  of  source-output-power  =  60  watts 

Sum  of  power  consumed  by  resistors  =  2"  x  6  +  Fx4+2"x8  =  60  watts 
The  power  from  sources  equal  the  consumed  by  resistors.  This  confirms  that  the  answers  ob- 
t*;ned  are  correct. 

■  lfcorton's  Equivalent  Cirofit 

For  this  purpose,  we  will  short-circuit  the  terminals  A  and  B  find  the  short-circuit  currents  pro- 
duced by  the  two  voltage  sources.  When  viewed  from  the  side  of  the  80-V  source,  a  short  across  AB 
short-circuits  everything  on  the  right  side  of  AB.  Hence,  the  circuit  becomes  as  shown  in  Fig.  2.230 
(a).  The  short  -circuit  current  /,  can  be  found  with  the  help  of  series-parallel  circuit  technique  .  The 
total  resistance  offered  to  the  80-V  source  is  5  +  4  II  8  =  23/3  £1. 
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7  =  80x  3/23  =  10.43  A; 


/,  =  10.43  x  4/12  =  3.48  A. 


When  viewed  from  the  side  of  the  20-V  source,  a  short  across  AB  short-circuits  everything 
beyond  AB.  In  the  case,  the  circuit  becomes  as  shown  in  Fig.  2.230  (£>).  The  short  circuit  current 
flowing  from  BtoA  =  20/3  =  6.67  A. 


20  V 


Total  short-circuit  current 


Fig.  2.220 

=  6.67  -  3.48  =  3.19  A  ...  from  B  to  A. 

RN  =  J?rt  =  3  II  (8  +  4  II  5)  =  2.32  Q 
Hence,  the  Norton's  equivalent  circuit  becomes  as  shown  in  Fig.  2.220  (c). 

2.28.  MillmarTs  Theorem 

This  theorem  can  be  slate  either  in  terms  of  voltage  sources  or  current  sources  or  both, 
la)  As  Applicable  to  Voltage  Sources 

This  Theorem  is  a  combination  of  Thevenin's  and  Norton's  theorems.  It  is  used  for  finding  the 
common  voltage  across  any  network  which  contains  a  number  of  parallel  voltage  sources  as  shown 
in  Fig.  2.221  (a).  Then  common  voltage  VAB  which  appears  across  the  output  terminals  A  and  B  is 
affected  by  the  voltage  sources      E2  and  Ey  The  value  of  the  voltage  is  given  by 

El/Rl  +  E2/R2  +  El/R3  =  /t  +  /2+/3  =  Z/ 
Afl  "       I//?,  +\/R2  +  I//?,        Gl+G1  +  GJ  LC 

This  voltage  represents  the  Thevenin's  voltage  Vlh.  The  resistance  R^  can  be  found,  as  usual,  by 
replacing  each  voltage  source  by  a  short  circuit.  If  there  is  a  load  resistance  Rt  across  the  terminals 
A  and  B.  then  load  current  /f  is  given  by 

'l  «         +  Ri) 

If  as  shown  in  Fig.  2.222  (b),  a  branch  does  not  contain  any  voltage  source,  the  same  procedure 
is  used  except  that  the  value  of  the  voltage  for  that  branch  is  equated  to  zero  as  illustrated  in  Example 
2.210. 

-oA  i  1  1  a  A 


Fig.  2.221  Fig.  2.222 

Example  2.1 10.  Use  Mltlmtm  '<s  theorem.  tn  find  the  common  voltage  across  terminals  A  and  H 
and  the  haui  <  urrcnt  in  the  circuit  of  Fig.  2.222. 
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Solution.  As  per  Millman's  Theorem, 

6/2  +  0/6+12/4 


1/2  +  1/6+1/4  11/12 


=  6.55  V 


Vlh  =  6.55  V 
Rlh  =  21 


'l  = 


6114=  12/11  a 
VA  6.55 


t  .07  A 


Rlh  +  RL    (12/11) +  5 
ih)  As  Applicable  to  Current  Sources 

This  theorem  is  applicable  to  a  mixture  of  parallel  voltage  and  current  sources  that  are  reduced 
to  a  single  final  equaivalent  source  which  is  either  a  constant  current  or  a  constant  voltage  source. 
This  theorem  can  be  stated  as  follows  : 

Any  number  of  constant  current  sources  which  are  directly  connected  in  parallel  can  be  converted 
into  a  single  current  source  whose  current  is  the  algebraic  sum  of  the  individual  source  currents  and 
whose  total  internal  resistances  equals  the  combined  individual  source  resistances  in  parallel. 

Example  2.111.  Use  Millman's  theorem,  to  find  the  voltage  across  and  current  through  the 
load  resistor  Rt  in  the  circuit  of  Fig.  2,223  (a). 

Solution.  First  thing  to  do  is  to  convert  the  given  voltage  sources  into  equivalent  current  sources. 
It  should  be  kept  in  mind  that  the  two  batteries  are  conneced  in  opposite  direction.  Using  source 
conversion  technique  give  in  Art.  1 . 14  we  get  the  circuit  of  Fig.  2.223  (b). 

A 


SA 


(P 


.4 

-O- 


24  V 


12  V 


B 

-o- 


3A 


4A 


:6  R, 


B 

-O- 


Fig.  2.223 

The  algebraic  sum  of  the  currents  =  5  +  3-  4  =  4  A.  The  combined  resistance  is  =  12  II 4 II 6  = 
2  £2.  The  simplified  circuit  is  shown  in  the  current-source  form  in  Fig.  2.224  (a)  or  voltage  source 
form  in  Fig.  2.224  (fr). 


4A 

0 


oA 


-oA 


"8  V 


As  seen  from  Fig.  2.224  (c). 


Fig.  2.224 


lL  =  8/(2  +  8)  =  0.8  A  ;  V,  =  8  x  0.8  =  6.4  V 
Alternatively,  VL  =  8  x  8/(2  +  8)  =  6.4  V 

Following  steps  are  necessary  when  using  Millman's  Theorem  : 

1 .  convert  all  voltage  sources  into  their  equivalent  current  sources. 

2.  calculate  the  algebraic  sum  of  the  individual  dual  source  currents. 
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3.  calculate  the  algebraic  sum  of  the  individual  dual  source  currents, 

4.  if  found  necessary,  convert  the  final  current  source  into  its  equivalent  voltage  source. 

As  pointed  out  earlier,  this  theorem  can  also  be  applied  to  voltage  sources  which  must  be 
initially  converted  into  their  constant  current  equivalents. 

2.29.  Generalised  rorm  of  Millman's  Theorem 

This  Theorem  is  particularly  useful  for  solving  many  cir- 
cuits which  are  frequenctiy  encountered  in  both  electronics  and 
power  applications. 

Consider  a  number  of  admittances  G,,  G2,  Gv..  Gn  which 
terminate  at  common  point  0'  (Fig.  2.225).  The  other  ends  of 

the  admittances  are  numbered  as  1 ,  2,  3  n.  Let  0  be  any  other 

point  in  the  network.  It  should  be  clearly  understood  that  it  is 
not  necessary  to  know  anything  about  the  inter-connection 
between  point  O  and  the  end  points  1.  2,  3...K.  However,  what 
is  essentia]  to  know  is  the  voltage  drops  from  0  to  1 ,  0  to  2, ...  0 
to  n  etc. 


62  A3 


Fig.  2.225 


According  to  this  theorem,  the  voltage  drop  from  0  to  C  (V^)  is  given  by 


V  '  = 


0r>G„ 


Cj  +  Gj  +  Gj  +  


+  G„ 


Proof 

Voltage  drop  across 
Current  throuth 
Similarly, 


G,  -  Vw'  =  (Vm'-Vm) 


G,  = 


'ID 


HI 


Gl=<Y»-Vtn)Gi 


and 


By  applying  KCL  to  point  0',  we  get 
Substituting  the  values  of  these  currents,  we  get 


V  '  - 


VmG1+r02G2  +  VO3G3  +  +  V0nG„ 

G,  +G2+G3+  --  +  Ga 


Precaution 

It  is  worth  repealing  that  only  those  resis- 
tances or  admittances  are  taken  into  consider- 
ation which  terminate  at  the  common  point.  All 
those  admittances  are  ignored  which  do  not  ter- 
minate at  the  common  point  even  though  they 
are  connected  in  the  circuit. 

Example  2.112.  Use  Millnuoi  's  theorm  to 
calculate  the  voltage  developed  across  the 
40  Q  resistor  in  the  network  of  Fig.  2.226. 

Solution.  Let  the  two  ends  of  the  40  Q 
resistor  be  marked  as  0  and  0\  The  end  points 


Fig.  2JS26 
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of  the  three  resistors  terminating  at  the  common  point  0'  have  been  maked  1.  2  and  3.  As 
already  explained  in  Art.  2.29,  the  two  resistors  of  values  10  £2  and  60  £2  wilJ  not  come  into  the 
picture  because  they  are  not  direclty  connected  to  the  common  point  0'. 
Here, 


Vm  =-  150  V; 


^00  - 


V03  =  120  V 

=  1/50  :    G,  =  1/40  :    G3  =  1/20 
(-  150/50)  +  (0/40)  +  (120/20) 


(1/50) +  0/401 +  (1/20) 

Ii  show  thai  point  0  is  at  a  higher  potential  as  compared  to  point  (Y 

Example  2.113.  Calcuallc  the  voltage  across  the  10  £2  n 
resistor  in  the  network  of  Fig.  2.227  by  using  (a)  Mitlman's 
theorem  (hi  any  other  method. 

Solution,  (a)  As  shown  in  the  Fig.  2.227  we  are  re-  

quired  to  calculate  voltage  Vm'.  The  four  resistances  are  con- 
nected to  the  common  terminal  0'. 

Let  their  other  ends  be  marked  as  I,  2,  3  and  4  as  shown 
in  Fig.  2.227.  Now  potential  of  point  0  with  respect  to  point 
1  is  (Art.  1.25)  -  100  V  because  (see  Art.  1.25) 


=  31.6  V 


Also. 


VD1  = 
G,  = 

G3  = 

y»  = 


Fig.  2.227 

-100  V;    V02  =  -100V;    Vm  =  QN\    VM  =  0V. 
1/100  =  0.01  Siemens  ;        G2  =  1/50  =  0.02  Siemens; 
1/100  =  0.01  Siemens;         G4  =  1/10  =  0.1  Siemens 
V^G.+V^  +  ^  +  V^G, 

G,  +  G2  +  Gj  +  G4 
-  100  x  0.01 +  (-  1 00)  x  0.02  +  0.x  0.01  + Ox  CU  =^3_ 
0.01  +  0.02  +  0.01  +  0.1  0.14 

Koo  — 


=  -21.4  V 


(b)  We  could  use  the  source  conversion  technique  (Art.  2.14)  to  solve  this  question.  As  shown 
in  Fig.  2.228  («).  the  two  voltage  sources  and  their  series  resistances  have  been  converted  into 
current  sources  with  their  parallel  resistances.  The  two  current  sources  have  been  combined  into  a 
single  resistance  current  source  of  3  A  and  the  three  parallel  resistances  have  been  combined  into  a 
single  resistance  of  25  £2.  This  current  source  has  been  reconverted  into  a  voltage  source  of  75  V 
having  a  series  resistance  of  25  £2  as  show  in  Fig.  2.228  (c). 

 .0'      ,  ,  ,0'       ,  fi' 


CP 


1  A 


:l  00 


CP 


:50    Sioo  Sio 


0 


(a)  (b)  (c) 

Fig.  2.228 

Using  the  voltage  divider  formula  (Art.  1.15).  the  voltage  drop  across  10  £2  resistance  is  Vff0  = 
75  x  10/(10  +  25)  =  21.4  V. 

Example  2.114.  In  the  network  shown  in  Fig.  2.229,  using  Millman's  theorem,  or  otherwise 
find  the  voltage  betw  een  A  and  B.  (Elect  Engg.  Paper-I  Indian  Engg.  Services  1W0) 
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Solution.  The  end  points  of  the  different  admittances  which 
are  connected  directly  to  the  common  point  B  have  been  marked 
as  I,  2  and  3  as  shown  in  the  Fig.  2.229.  Incidentally,  40  Q 
resistance  will  not  be  taken  into  consideration  because  il  is  not 
directly  connected  to  the  common  point  B.  Here  V0I  =  VA]  = 
-50  V  ;  Vm  =  VA2=  100  V  ;  V03  =  VA3  =  0  V. 

(-50/50)  +  (100/20)  +  (0/10) 


V  '  =  V  ~ 


=  23.5  V 


Fig.  2.229 


(1/50)  +  (1/20)  +  (]/!  Of) 

Since  the  answer  comes  out  to  be  positive,  it  means  that  point  A  is  at  a  higher  potential  as 
compared  to  point  B. 

The  detail  reason  for  not  taking  any  notice  of  40  fl  resistance  are  given  in  Art.  2.29. 

2.3o  fla.Yimum  Power  Transfer  Theorem 

Although  applicable  to  all  branches  of  electrical  engineering,  this  theorem  is  particularly  useful 
for  analysing  communication  networks.  The  overall  efficiency  of  a  network  supplying  maximum 
power  to  any  branch  is  50  per  cent.  For  this  reason,  the  application  of  this  theorem  to  power  trans- 
mission and  distribution  networks  is  limited  because,  in  their  case,  the  goal  is  high  efficiency  and  not 
maximum  power  transfer. 

However,  in  the  case  of  electronic  and  communication  networks,  very  often,  the  goal  is  either  to 
receive  or  transmit  maximum  power  (through  at  reduced  efficiency)  specially  when  power  involved 
is  only  a  few  milliwatts  or  microwatts.  Frequently,  the  problem  of  maximum  power  transfer  is  of 
crucial  significance  in  the  operation  of  transmission  lines  and  antennas. 

As  applied  to  d.c.  networks,  this  theorem  may  be  stated  as  follows  : 

A  resistive  load  will  abstract  maximum  power  from  a  network  when  the  load  resistance  is  equal 
to  the  resistance  of  the  network  as  viewed  from  the  output  terminals,  with  all  energy  sources  removed 
leaving  behind  their  internal  resistances. 

In  Fig.  2.230  (a),  a  load  resistance  of  RL  is  connected  across 
the  terminals  A  and  B  of  a  network  which  consists  of  a  generator 
of  e.m.f.  E  and  internal  resistance  R„  and  a  series  resistance  R 
which,  in  fact,  represents  the  lumped  resistance  of  the  connecting 
wires.  Let  R1 ■  -  Rg  +  R  =  internal  resistance  of  the  network  as 
viewed  from  A  and  B. 

According  to  this  theorem,  RL  will  abstract  maximum  power 
from  the  network  when  RL  =  /?.. 


Proof.  Circuit  current 


/  = 


Fig.  2.230 


Power  consumed  by  the  load  is 


Rl  +  R, 


p,  =  m,  = 


E'RL 


For  PL  to  be  maximum. 


dPL 
dRL 


(RL  +  K,r 


...(0 


=  0. 


Differentiating  Eq.  (f)  above,  we  have 


4Pl 
dR, 


-  E- 


1 


{R,    +  R:V 


+  R 


-2 


0  =  E' 


L[(«i  +  /Ji)3J_ 
2R, 


=  E~ 


I 


2R. 


_(RL  +  R,f    (Rr  +  R,)\ 


or    2RL  =  RL  +  Rj 


or 


RL  =  Ri 
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It  is  worth  noting  that  under  these  conditions,  the  voltage  across  the  load  is  hald  the  open-circuit 
voltage  at  the  terminals  A  and  B. 


Max.  power  is  PL . 


E2  R, 


~    4K*      4*,  4R, 

Let  us  consider  an  a.c.  source  of  internal  impedance  tR.  +  j  .V.i  supplying  power  to  a  load 
impedance  {RL  +  jXL).  It  can  be  proved  that  maximum  power  transfer  wUI  lake  place  when  the 
modules  of  the  load  impedance  is  equal  to  the  modulus  of  the  source  impedance  i.e.  I  ZL I  =  I  Z(  I 

Where  there  is  a  completely  free  choice  about  the  load,  the  maximum  power  transfer  is  obtained 
when  load  impedance  is  the  complex  conjugate  of  the  source  impedance.  For  example,  if  source 
impedance  is  (/?,  +  /.¥,).  then  maximum  transfer  power  occurs,  when  load  impedance  is  (/?,  —  jX{).  It 
can  be  shown  that  under  this  condition,  the  load  power  is  = 

Example  2.1 15.  In  the  network  shown  in  Eig.  2.231  (a).fintl  the  value  ofR,  such  that  maximum 
possible  power  will  be  transferred  to  Rt.  Find  also  the  value  of  the  maximum  power  and  the  pou  ci 
supplied  hy  source  under  these  conditions.     (Elect.  Engg.  Paper  I  Indian  Engg.  Services  198V) 

Solution.  We  will  remove  Rl  and  find  the  equivalent  Thevenin's  source  for  the  circuit  to  the 
left  of  terminals  A  and  B.  As  seen  from  Fig.  2.23 1  (h)  V!h  equals  the  drop  across  the  vertical  resistor 
of  3£2  because  no  current  flows  through  2  ft  and  1  ft  resistors.  Since  15  V  drops  across  two  series 
resistors  of  3  ft  each,  Vfh  =  15/2  =  7/5  V.  Thevenin's  resistance  can  be  found  by  replacing  15  V 
source  with  a  short-circuit.  As  seen  from  Fig.  2.231  {b),  Rlh  =  2  +  (3  II  3)  +  I  =  4.5  ft.  Maximum 
power  transfer  to  the  load  will  take  place  when  /?f  =  Rlh  =  4.5  ft. 


7.5  V 


(a) 


(b) 
Fig.  2.231 

Maximum  power  drawn  by  R,  =  \'th~  /4xRL  =  7.52/4  x  4.5  =  3.125  W. 

Since  same  power  is  developed  is  Rlh,  power  supplied  by  the  source  =  2  x  3.125  =  6.250  W. 

Example  2.115.  In  the  circuit  shown  in  Eit;.  2.232  ta)  obtain  the  condition  from  maximum 
power  transfer  to  the  load  Rt.  Hence  determine  the  maximum  power  transferred. 

(Elect.  Science-!  Allahabad  Univ.  19921 
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Fig.  2.232 

Solution.  We  will  find  Thevenin's  equivalent  circuit  to  the  left  of  terminals  A  and  B  for  which 
purpose  we  will  convert  the  battery  source  into  a  current  source  as  shown  in  Fig.  2.232  (b).  By 
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2.25  V 


combining  the  two  current  sources,  we  get  the  circuit  of  Fig.  2.232  {c).  i  qA 

It  would  be  seen  that  opencircuit  voltage  VAB  equals  the  drop  over  3  £2 
resistance  because  there  is  no  drop  on  the  5  £2  resistance  connected  to 
terminal  A.  Now,  there  are  two  parallel  path  across  the  current  source 
each  of  resistance  5  Q,  Hence,  current  through  3  £2  resistance  equals 
1 .5/2  =  0.75  A.  Therefore,  %  =  V[A  =  3  x  0.75  =  2.25  V  with  point  A 
positive  with  respect  to  point  B. 

For  finding  Rw,  current  source  is  replaced  by  an  infinite  resistance.  '  oB 

RM  =  /?„,  =  5  +  3  II  (2  +  5)  -  7. 1  £2  Fig.  2.233 

The  Thevenin's  equivalent  circuit  alongwith  RL  is  shown  in  Fig. 
2.233.  As  per  An.  2.30,  the  condition  for  MPT  is  that  RL  =  7.1  £2. 

Maximum  power  transferred  =      I  ARL  =  2.252/4  x  7.1  =  0.178  W  =  178  mW. 

Example  2.1 17.  Calculate  the  value  ofR  which  will  absorb  maximum  power  from  the  circuit  of 
Fig.  2.234  fa).  Also,  compute  the  value  of  maximum  power. 

Solution.  For  finding  power,  it  is  essential  to  know  both  /  and  R.  Hence,  it  is  essential  to  find 
an  equation  relating  /  to  R. 


I2A 


Fig.  2.234 

Let  us  remove  R  and  find  Thevenin's  voltage  Vril  across  A  and  B  as  shown  in  Fig.  2.234  (b).  It 
would  be  helpful  to  convert  120  V,  10-£2  source  into  a  constant-current  source  as  shown  in  Fig. 
2.234  (c).  Applying  KCL  to  the  circuit,  we  get 


10  5 


=  12  +  6 


or 


V„=60V 


Now,  for  finding  /?,  and  Rlh,  the  two  sources  are  reduced  to  zero.  Voltage  of  the  voltage-source 
is  reduced  to  zero  by  short  -  circuiting  it  whereas  current  of  the  current  source  is  reduced  to  zero  by 
open-circuiting  it.  The  circuit  which  results  from  such  source  suppression  is  shown  in  Fig.  2.234 
{d).  Hence,  Ri  =  Rth  =  10  II  5  =  10/3  £1.  The  Thevenin's  equivalent  circuit  of  the  network  is  shown 
in  Fig.  2.234  (e). 

According  to  Maximum  Power  Transfer  Theorem,  R  will  absorb  maximum  power  when  it  equals 
10/3  £2.  In  that  case,  /  =  60  +  20/3  =  9  A 

/>      =  fa^fx  10/3  =  270  VV 
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2.31.  Power  Transfer  Efficiency 

If  PL  is  the  power  supplied  lo  the  load  and  PT  is  the  total  power  supplied  by  the  voltage  source, 
then  power  transfer  efficiency  is  given  by  ti  =  PLIPT 

Now.  the  generator  or  voltage  source  E  supplies  power  to  both  the  load  resistance  RL  and  to  the 
internal  resistance  R,  =  {R„  +  R). 


PT  =  PL  +  Pt 


or 


E  x  /  =  I'RL  +  TJf, 


Tl  = 


l_L   . 


RL  +  RS 


The  variation  of  r\  with  RL  is  shown  in  Fig.  2.235  (a).  The  maximum  value  of  r|  is  unity  when 
RL  =  °a  and  has  a  value  of  0.5  when  RL  =  Rr  It  means  that  under  maximum  power  transfer  conditions, 
the  power  transfer  efficiency  is  only  50%.  As  mentioned  above,  maximum  power  transfer  condition 
is  important  in  communication  applications  but  in  most  power  systems  applications,  a  50%  effi- 
ciency is  undesirable  because  of  the  wasted  energy.  Often,  a  compromise  has  to  be  made  between 
the  load  power  and  the  power  transfer  efficiency.  For  example,  if  we  make  R,  =  2  R..  then 

PL  =  0.222  E2/Ri    and    n  =  0-667. 

It  is  seen  that  the  load  power  is  only  1 1  %  less  than  its  maximum  possible  value,  whereas  the 
power  transfer  efficiency  has  improved  from  0.5  to  0.667  i.e.  by  33%. 


1.0 


0.5 


imax 


Fig.  2.235 

Example  2.1 18.  A  voltage  source  delivers  4  A  when  the  loud  connected  to  it  is  5  £2  and  2  A 
when  the  load  becomes  21)  £2.  Calculate 

(a)  wimi'imn  power  which  the  source  can  supply  lb)  power  trunsfer  efficiency  of  the  source 
with  R,  of  20  £2  (c)  the  power  transfer  efficiency  when  the  source  delivers  60  ty'. 

Solution.  We  can  find  the  values  of  E  and  Ri  from  the  two  given  load  conditions. 

(a)  When  RL  =  5  £2.  /  =  4  A  and  V  =  IRL  =  4  x  5  =  20  V,  then  20  =  E  -  4  Rt 

When  J?^  =  20  £2,  /  =  2  A  and  V  =  IRL  =  2  x  20  =  40  V    .-.    40  =  £-2fl, 

From  (0  and  (it),  we  get,  R,  =  10  Q  and  E  =  60  V 

When  R.  =  R, =  10  £2 

o  _ 

4  ft, 


® 


60x60 


L  max 


4x10 


=  90  W 


(b)  When  RL  =  20  £2,  the  power  transfer  efficiency  is  given  by 

ri  =      Ri—  =       =  0.667    or  66.7% 
1       RL  +  Ri  30 


(c)  For  finding  the  efficiency  corresponding  to  a  load  power  of  60  W,  we  must  first  find  the 
value  of  RL. 
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Now, 


P.  = 


60  = 


K  +  R, 
602  x  R, 


Hence 


(RL  +  10) 
=  37.32  A   or   2.68  CI 


or   fl^ -40 100  =  0 


Since  there  are  two  values  of  RL,  there  are  two  efficiencies  corresponding  to  these  values. 


n,  = 


37.32 


"       37.32  +  10 
It  will  be  seen  from  above,  the  r||  +  T]2  =  1 


=  0.789    or    78.9%.    T|2  = 


I  2.68 


=  0.211    or  21.1% 


Example  2.1 19.  Two  load  resistance  Rt  and  R,  dissipate  the  same  power  when  connected  to  a 
Voltage  source  having  an  internal  resistance  of  Rf,  Prove  that  (a)  R~  =  /?,/?,  and  (hi  1\>    TU  ■  i. 

Solution,  {a)  Since  both  resistances  dissipate  the  same  amount  of  power,  hence 


Pl  = 


E'R, 


E  R, 


(/f,  +  r,  r 


(R.  +  R;)- 

Cancelling  ET  and  cross-multiplying,  we  gel 

«,  R2  +  2RX  R2  R,  +  R,  fl,2  =  R2  R*  +  2/?,  R2  Ri  +  R2  Rr 

Simplifying  the  above,  we  gel,    Rt~  =  /?,  R-, 

(b)  If  r],  and  r\2  are  the  two  efficiencies  corresponding  to  the  load  resistances  Rt  and  /?,.  then 


n,  +  n2  = 

Substituting  R^1  =  R{      we  get 
0|  +  n2  = 


2/?,  R2  +  R.(Rl  +  R2  ) 


R2  +  Ri     R}R2  +  R?  +  RjiR)  +  R2) 


2  R,  +R;(R^  +  R2) 
2Rf  +  /?,(#,  +R2) 


=  1 


Example  2.120.  Determine  the  value  of  R,  for  maximum  power  at  the  had.  Determine  maxi- 
mum power  also.  The  nenvork  is  given  in  the  Fig.  2.236  (a).  | Bombay  University  2001 1 


Fig.  2.236  {a) 

Solution.  This  can  be  attempted  by  Thevenin's  Theorem.  As  in  the  circuit,  with  terminals  A 
and  JS  kept  open,  from  the  right  hand  side,  VB  (w.r.  to  reference  node  0)  can  be  calculated  V4  and  V5 
will  have  a  net  voltage  of  2  volts  circulating  a  current  of  (2/8)  =  0.25  amp  in  clockwise  direction. 

V0  =  10-0.25x2  =  9.5  volts. 

On  the  Left-hand  part  of  the  circuit,  two  loops  are  there.  VA  (w.r.  to  0)  has  to  be  evaluated.  Let 
the  first  loop  (with  V,  and  V2  as  the  sources)  carry  a  clockwise  current  of  i,  and  the  second  loop  (with 
V'j  and  V,  as  the  sources),  a  clockwise  current  of      Writing  the  circuit  equations. 
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%i-4i2  =  +4 
-4i  +  8i2  =  +  4 


This  gives  i,  =  1  amp,  i2  =  I  amp 
Therefore, 
Thevenin  -  voltage, 


V,  =  12  +  3  x  I  =  15  volts. 
Vra  =  VA  -  VB  =  15  -  9.5  =  5,5  volts 


3fl 


i  n 


■  WW»  1 

>   » 

i  • 

A 

h  n  i 

ACi  \ 

 1 

i  ( 

i  

1.5  n 


Fig.  2.236  <c) 


Fig.  2.236  (b) 
Solving  as  shown  in  Fig.  2.236  (b)  &  (c). 
Rm  =  3  ohms 

For  maximum  power  transfer,  RL  =  3  ohms 
Current  =  5.5/6  =  0.9167  amp 
Power  transferred  to  load  0.9167^  x  3  =  2.52  watts. 
Example  2.121.  Foe  the  circuit  shown  below,  what  will  be  the  value  of  Rt  to  get  the  maximum 


/low  er  '.'  What  is  the  maximum  power  delivered  to  the  load  '.'  |  Bombay  University  2001 1 

Solution.  Detach  R,  and  apply  Thevenin's 
Theorem. 

VTfi  =  5.696  volts,  Rn/  =  1 1 .39  £3 

RL  must  be  1 1 .39  ohms  for  maximum  power 
transfer. 

Pmm  =  0.712  watt.  Fig.  2.237 

Example  2.122.  Find  the  maximum  power  in  'RL'  which  is  variable  in  the  circuit  shown  below 
in  Fig.  2.238. 

Solution.  Apply  Thevenin's  meorem.  For  this 
RL  has  to  be  detached  from  nodes  A  and  B.  Treat  O  as 
the  reference  node. 


[Bombay  University,  2001 1 


VA  m  60  V. 


V8  =  Vc  +  2  =  50  +  2  =  52  V 


Thus,  Vm  =  =  8  volts,  with  A  positive  w.r.  to 
B  RTH  =  (60/40)  +  (50/50)  =  49  ohms 

Hence,  for  maximum  power,  Rt  =  49  ohms 


40  fi 
■-  100V 

-m~y$fl  ^  

K 

60  Q  | 

50  a 


50  Q 


Fig.  2.238 


Power  to  Load  =  f  RL  =  0.3265  watt 
Example  2.123.  Find  V,  and  Vg  by  "nodal  analysis"  for  the  circuit  shown  in  Fig.  2.239  la). 

[Bombay  University  l*>W] 

Solution.  Let  the  conductance  be  represented  by  g.  Let  all  the  sources  be  current  sources.  For 
this,  a  voltage-source  in  series  with  a  resistor  is  transformed  into  its  equivalent  current  source.  This 
is  done  in  Fig.  2.239  (b). 
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ma 


IK  V 


15fi 


3fi 


1/3  A 


7Q 


18  V 


Fig.  2.239  (a) 


f>  A 


5  A 


Fig.  2.239  lb).  All  Current  Sources 
A  B 

 WW  


sn 

20/12         2.5  O: 


1/3 


6A 


Fig.  2.239  ic) 

Observing  the  circuit.  gu  =  (1/5)  +  0.6  =  0.8,  gn  =  0.40  +  0.2  =  0.6 
g12  =  0.2,  Current  sources  :  +  5  amp  into  "A'  +  5.67  amp  into  'B' 


A  = 

A,  = 

A2  = 
V,  = 


"  0.8  -0.2l  „ 
[-0.2     0.6J  =  O-44 

T     5  -0.2] 

[5.67     0.6j  =4-134 

f  0.8  5] 

[-0.2  5.67J  - 


5.526 


4.134/0.44  =  9.4  volts. 
Vg  =  5.536/0.44  =  12.6  volts. 
Current  in  5 -ohm  resistor 
(VB-  V,)/5  =  0.64  amp 
Check  :  Apply  Thevenin's  Theorem  : 
VA  =  10  x  (10/12)  =  8.333  V 
VB  =  (17/3)  x  2.5  =  14.167  V 
Vm  =  14.167-8.333  =  5.834  V 
Rw  =  4.167 
/,  =  5.834/(4.167 +  5)  =  0.64  A 


r  ■ 

A 

:n  lion 


10  v 


Fig.  2.239  (rf)  Thevenized  Circuit 
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A  B 


2CI 


ion 


Qion 


isn 


3n 


17/3  A 


i — — ^ 

ion  1 

10V 

2.5  n 


Fig.  2.239  <<?)  Right  side  simplified  Fig.  2.239  {/)  Evaluating  RTH 

Example.  2.124.  Find  the  magnitude  RLjor  the  maximum  power  transfer  in  the  circuit  show  n 
in  Fii>.  2.240  fa).  Also  find  out  the  maximum  power. 


sn 


10  V 


Fig.  2.240  («) 

Solution.  Simplify  by  source  transformations,  as  done  in  Fig.  2.240  {b),  U ),  (d) 


2A 


5n 


6  A 


30 


2n 


7n 


Fig.  2.240  ib) 


8  A 


2C1 


3n  A 


7fi 


10/7  n 


Q 


80/7  V 


Fig.  2.240  <c)  Fig.  2.240  id) 

For  maximum  power.        RL  =  7  +  ( 10/7)  =  8.43  £i 

Maximum  power  =  [(80/7)/L6.68l'  x  8.43  =  3.87  watts. 
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Tutorial  Problems  No.  2.6 
(a)  Norton  Theorem 

1 .  Find  the  Thevenin  and  Norton  equivalent  circuits  for  the  active  network  shown  in  Fig.  2.241  (a).  All 
resistance  are  in  ohms.         [Hint :  Use  Superposition  principle  to  find  contribution  of  each  source] 

|10  V  source,  series  resistor  =  5  fl  ;  2  A  source,  parallel  resistance  =  5  Sl\ 

2.  Obtain  the  Thevenin  and  Norton  equivalent  circuits  for  the  circuit  shown  in  Fig.  2.241  (b).  All 
resistance  values  are  in  ohms. 

1 15  V  source,  series  resistance  =  5  Q  ;  3  A  source,  parallel  resistance  =  5  Q] 

M 


2  • 
■AMf- 


2 


A 

-a 


3 


15 


b  r — WA- 


e 

6 


2A 


—20  V 


)30  V 


15  V 


B 


4 


A 


B 


Fig.  2J4I  (a)  Fig.  2.241  (6 1  Fig-  2.241  ie) 

Find  the  Norton  equivalent  circuit  for  the  active  linear  network  shown  in  Fig.  2.241  (c).  All  resis- 
tances are  in  ohms.  Hint  :  It  would  be  easier  to  first  find  Thevenin's  equivalent  circuit]. 

[2  A  source;  parallel  resistance  ■  16  Q| 
Apply  Norton's  theorem  to  find  current  flowing  through  the  3.6  Si  resistor  of  the  circuit  shown  in  Fig. 
2.242.  [2  A] 

Find  (0  Thevenin  and  (ii)  Norton  equivalent  circuits  for  the  terminals  A  and  B  of  the  network  shown 
in  Fig.  2.243.  All  resistances  are  in  ohms.  Take  E.  >  £2- 


-  £'?2*fz#f|:  *,*  -  I,  II R2  m  tm  =  ^  ♦  %  i 


I,  +  R2 


I, 


Af,  II  K2 


Obtain  0)  Thevenin  and  (#)  Norton  equivalent  circuit  with  respect  to  the  terminals  A  and  B  of  the 
network  of  Fig.  2.244.  Numbers  represent  resistances  in  ohm 

\U\  Y,h  =  4  V;  «(A  =  14/9  Si  (Hi  /„  =  2.25  A;  Rp  =  14/9  £1| 

6  J5V 
h 

4  4  4  A 


10  V 


3.6 


t  £ 


T 

8, 


B 
-o 


Fig.  2.242 


Fig.  2.243 


Fig.  2.244 


7.  The  Network  equivalent  of  the  network  shown  in  Fig.  2.245  between  terminals  A  and  B  is  a  parallel 
resistance  of  10  Si.  What  is  the  value  of  the  unknown  resistance  R  ?  |60  Q| 
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H). 


II. 


(b)  B 

Fig.  2345  Fig.  2346 

The  circuit  show  n  in  Fig.  2.246  la)  is  the  Norton  equivalent  of  the  circuit  to  the  left  of  AS  in  Fig.  2  246 
(&).  What  current  will  flow  if  a  short  is  placed  across  AS  ?  1 1  h\ 

The  Norton  equivalent  circuit  of  two  identical  baneries  connected  in  parallel  consists  of  a  2-A  source 
in  parallel  with  a  4-12  resistor.  Find  the  value  of  the  resistive  load  to  which  a  single  battery  will 
deliver  maximum  power.  Also  calculate  the  value  of  this  maximum  power.  [8  ft,"  2  W] 

The  Thevenin  equivalent  circuit  of  a  certain  consists  of  a  6-V  d.c.  source  in  series  with  a  resistance  of 
3  Si.  The  Norton  equivalent  of  another  circuit  is  a  3-A  current  source  in  parallel  w  ith  a  resistance  of 
6  Si.  The  two  circuits  are  connected  in  parallel  like  polarity  to  like.  For  this  combination,  determine 
(i)  Norton  equivalent  (if)  Thevenin  equivalent  (m)  maximum  power  it  can  deliver  and  (iv)  value  of 
load  resistance  from  maximum  power. 

[<«>  5  A,  2  Q  <w)  10  V,  2  Q  Uii)  12.5  \V  </v)  2  CI] 
For  the  ladder  network  shown  in  Fig.  2.247.  find  the  value  of  R,  for  maximum  power  transfer.  What 


is  the  value  of  this  P, 


[2Q,ffrUW] 


6 

I  


-18  V 


6 


3  V 


[6  V 


A 

-c- 


3 


J_  _L  R 


3  V 


6 


6V 


B  B 
Fig.  2JM7  Fig.  2.248  Fig.  2.249 

Calculate  the  value  of  ft,  which  will  draw  maximum  power  from  the  circuit  of  Fig.  2.248.  Also,  find 
the  value  of  this  maximum  power.  1.5  U  I 

Find  Norton's  equivalent  circuit  for  the  network  shown  in  Fig.  2.249.  Verify  it  through  its  Thevenin's 
equivalent  circuit.  1 1  A.  Parallel  resistance  =  6  £1] 

State  the  Tellcgen's  theorem  and  verify  it  by  an  illustration.  Comment  on  the  applicability  of  Tellegen's 
theorem  on  the  types  of  networks.  (Circuit  and  Field  Theory,  A.M. I.E.  Sec.  B,  /<JW) 

Solution.  Tellegen's  Theorem  can  be  stated  as  under  : 

For  a  network  consisting  of  n  elements  if  i,,  i-,  i  are  the  currents  flowing  through  the  elements  satisfy- 


12 


13. 


14. 


ing  KirchhofPs  current  law  and  V. 
then 

where  vk  is  the  voltage  across  and  fj 
Theorem,  the  sum  of  instantaneous 


v\  rn  are  the  voltages  across  these  elements  satisfying  Kirchhoff  s  law. 


*'*    =  0 
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This  theorem  has  wide  applications.  It  is  valid  for  any  lumped  network  that  contains  any  elements  linear 
or  non-linear,  passive  or  active,  time-varient  or  time-invariant. 

I  xplanation  :  This  theorem  will  be  explained  with  the  help  of  the  simple 
circuit  shown  in  Fig.  2.250.  The  total  resistance  seen  by  the  battery  is 
=  8  +  4114=  ion. 

Battery  current /  =  100/10=  10A.  This  current  divides  equally  at  point  B. 
Drop  over  8  Q  resistor  =  8  x  10  =  80  V 
Drop  over  4  Q  resistor  =  4  x  5  =  20  V 
Drop  over  I  £1  resistor  =  I  x  5  =  5  V 
Drop  over  3  £1  resistor  =3x5=  15  V 
According  to  Tellegen's  Theorem. 

=  100x  10-80x10-20x5-5  x5-15x5  =  0 
Millimaii's  Theorem 


Fig.  2.25(1 


I*) 


15.  Use  Millman's  theorem,  to  find  the  potential  of  point  A  with  respect  to  the  ground  in  Fig.  2.251 . 


\VA  =  8.1K  V] 


lf».  Using  Millman's  theorem,  find  the  value  of  output  voltage  V0  in  the  circuit  of  Fig.  2.252.  All  resis- 

14  V| 


3 


tances  are  in  ohms. 
4 


Xjt  v 


6 

-WA — , 


12  V 


12  V 


(j)8V  (j)4V 


2  V 


=0 

5 


Fig.  2.251  Fig.  2.252  Fig.  2.253 

(b  )  MPT  Theorem 

17.  In  Fig.  2.253  what  value  of  R  will  allow  maximum  power  transfer  to  the  load  ?  Also  calculate  the 
maximum  total  load  power.  AJ1  resistances  are  in  ohms.  |4  Q  48  W'| 

OBJECTIVE  TESTS  -  2 


L  Kirchhoff  s  current  law  is  applicable  to  only 
(a)  closed  loops  in  a  network 
(b\  electronic  circuits 
(r)  junctions  in  a  network 
Id)  electric  circuits. 

2.  Kirchhoff  s  voltage  law  is  concerned  with 

(a)  IR  drops 

(b)  battery  e.m.fs. 

(c)  junction  voltages 
id)  both  (a)  and  (f>) 

3.  According  to  KVL.  the  algebraic  sum  of  all 
IR  drops  and  e.m.f.s  in  any  closed  loop  of  a 
network  is  always 

{a)  zero 

(h)  positive 


(c)  negative 

<d)  determined  by  battery  e.m.fs. 

4.  The  algebraic  sign  of  an  IR  drop  is  primarily 
dependent  upon  the 

(a)  amount  of  current  flowing  through  ii 

(b)  value  of  R 

(c)  direction  of  current  flow 
\d)    battery  connection. 

5.  Maxwell's  loop  current  method  of  solving 
electrical  networks 

(a)  uses  branch  currents 

(b)  utilizes  Kirchhoff  s  voltage  law 
ffi)   is  confined  to  single-loop  circuits 

(d)  is  a  network  reduction  method. 

6-  Point  out  of  the  WRONG  statement.  In  the 
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node-voltage  technique  of  solving  networks, 
choice  of  a  reference  node  does  not 
(a)  affect  the  operation  of  the  circuit 
ib)  change  the  voltage  across  any  element 
(<■)   alter  the  p.d.  between  any  pair  of  nodes 
id)  affect  the  voltages  of  various  nodes. 

7.  The  nodal  analysis  is  primarily  based  on  the 
application  of 

ta)  KVL 

ib)  KCL 

ic)  Ohm's  law 

yd)  both  (4>»  and  \e) 
{e)   both  (a)  and  ib). 

8.  Superposition  theorem  can  be  applied  only 
to  circuits  having — elements. 

ta)  non-linear  {£>)  passive 

(c)    linear  bilateral        Id)  resistive 

9.  The  Superposition  theorem  is  essentially 
based  on  the  concept  of 

(a)  duality  ib)  linearity 

ic)   reciprocity  (d)  non-linearity 

10.  While  Thevenining  a  circuit  between  two  ter- 
minals. V((l  equals 

(a)  short-circuit  terminal  voltage 

(b)  open-circuit  terminal  voltage 

(c)  EMF  of  the  battery  nearest  lo  the 
luminals 

{d\  net  voltage  available  in  the  circuit. 

1 1 .  Thevenin  resistance  Rlh  is  found 

i«j   between  any  two  'open'  terminals 

ib)  by  short-circuiting  the  given  two  termi- 
nals 

ic)  by  removing  voltage  sources  along  with 
their  internal  resistances 

id)  between  same  open  terminal  as  for  Vrt. 

12.  While  calculating  Rlh.  constant-current 
sources  in  the  circuit  are  : 

(a)  replaced  by  'opens' 

(b)  replaced  by  'shorts' 

ic)   treated  in  parallel  with  other  voltage 
sources 

Id)  converted  into  equivalent  voltage 
sources. 

13.  Thevenin  resistance  of  the  circuit  of  Fig. 


2.254  across 
its  terminals 

A  and  5  i 
ohm. 
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(a) 
ib) 
ic) 
id) 


14. 


The  load  re- 
sisiance 
needed  to  ex- 
tract maximum 
power  from  the 
circuit  of  Fig. 
2.255  is — ohm 


Fig.  2.254 


2 
9 
6 
18 


15. 


(a) 
(b) 

(c) 
WJ 

The  Norton 
equivalent 


Fig.  2.255 


circuit  for  the  network  of  Fig.  2.255  between 
A  and  B  is-current  source  with  parallel 
resistance  of — 

(a)  2A,6ft  ib)  3  A.  2  ft 

(c)   2A.3I1  id)  3  A,  9ft 

16.  The  Norton  equivalent  of  a  circuit  consists 
of  a  2  A  current  sources  in  parallel  with  a 
4  ft  resistor.  Thevenin  equivalent  of  this 
circuit  is  a-volt  source  in  series  with  a  4  ft 
resistor. 

(a)  2  (b)  0.5 

ic)  6  (d)  X 

17.  If  two  identical  3  A,  4  ft  Norton  equivalent 
circuits  are  connected  in  parallel  with  like 
polarity  to  like  the  combined  Norton  equiva- 
lent circuit  is  ■ 

(a)  6Q.4Q  ib)  6  A,  2  ft 

(c)   3  A.  2ft  id)  6  A,  8ft 

18.  Two  6  V,  2  CI  batteries  are  connected  in  series 
siding.  This  combination  can  be  replaced  by 
a  single  equivalent  current  generator  of — with 
a  parallel  resistance  of — ohm 

(a)   3A.40  ib)  3  A,  2  CI 

ic)   3  A.  1  ft  id)  6  A.  2  ft 

19.  Two  identical  3-A.  1  ft  batteries  are 
connected  in  parallel  with  like  polarity  to  like. 
The  Norton  equivalent  circuit  of  this 
combination  is 

(a)  3  A,  0.5  ft  ib)  6  A,  1  ft 
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(C)    3  A.  I  fi  (cf)  6  A.  0.5  fi 

20.  Thevenin  equivalent  circuit  of  the  network 


5 


-Oa 


:io 


Fig.  2.256 

shown  in  Fig.  2.256  is  required.  The  value 
of  open-circuit  voltage  across  terminals  a  and 

b  of  this  circuit  is  volt. 

(a)  zero  (fe)  2  i/IO 


(r)   2  i/5 


(</)  2;75 


21.  For  a  linear  network  containing  generators 
and  impedances,  the  ratio  of  the  voltage  to 
the  current  produced  in  other  loop  is  the 
same  as  the  ratio  of  voltage  and  current 
obtained  obtained  when  the  positions  of  the 
voltage  source  and  the  ammeter  measureing 
the  current  are  interchanged.  This  network 
theorem  is  known  as  theorem. 

[a)  Millman's  ib)  Norton's 

(c)  Tellegen's  (d)  Reciprocity 

(Circuits  and  Field  Theory, 
A.M.I.E.  Sec.  B..  1993) 

22.  A  12  volt  source  will  an  internal  resistance 
of  1 .2  ohms  is  connected  across  a  wire- would 
resistor.  Maximum  power  will  be  dissipated 
in  the  resistor  when  its  resistance  is  equal  to 
(a)  zero  (b)   1.2  ohm 

(c)    12  ohm  (d)  infinity 

(Crad.  l.E.T.E.  Dec.  1985) 
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WORK,  POWER  AND  ENERGY 


3.1.   Effect  of  Electric  Current 

It  is  a  matter  of  common  experience  thai  a  conductor,  when  carrying  current,  becomes  hot  after 
some  time.  As  explained  earlier,  an  electric  current  is  just  a  directed  flow  or  drift  of  electrons 
through  a  substance.  The  moving  electrons  as  the  pass  through  molecules  of  atoms  of  that  sub- 
stance, collide  with  other  electrons.  This  electronic  collision  results  in  the  production  of  heat.  This 
explains  why  passage  of  current  is  always  accompanied  by  generation  of  heat. 

3.2  Joule's  Law  of  Electric  Healing 

The  amount  of  work  required  to  maintain  a  current  of  /  amperes  through  a  resistance  of  R  ohm 

for  1  second  is 

W.D.  =  i1  Ri  joules 

=  Vh   joules  { v    R  =  V/I) 

=  Wt   joules  (v  W=Vf) 

=  V^tlR  joules  {  ■:  l^VIR) 

This  work  is  converted  into  heat  and  is  dissipated  away.  The  amount  of  heat  produced  is 

A  _   work  done   W.D. 

mechan  ical  equ  i  valenl  of  heat  J 

where  J  =  4,186  joules/kcal  =  4.200  joules  /  kcaHapprox) 

H  =  tRl/4,200  kcal  =  V/f/4,200  kcal 

=  Wr/4.200  kcal  =  VV4.200  R  kcal 

3.3  Thermal  Efficiency 

It  is  defined  as  the  ratio  of  the  heal  actualy  utilized  to  the  total  beay>rodueed  electrically.  Con- 
sider the  case  of  the  electric  kettle  used  for  boiling  water.  Out  of  the  total  heat  produced  (f)  some 
goes  to  heat  the  apparatus  itself  i.e.  kettle  (is)  some  is  lost  by  radiation  and  convection  eel.  and 
(1/7)  the  rest  is  utilized  for  healing  the  water.  Out  of  these,  the  heal  utilized  for  useful  purpose  is  that 
in  (Hi),  Hence,  thermal  efficiency  of  this  electric  apparatus  is  the  ratio  of  the  heat  utilized  for  heating 
the  water  to  the  total  heat  produced. 

Hence,  the  relation  between  heat  produced  electrically  and  heat  absorbed  usefully  becomes 
Vh 

=  Hi.v(87-e.) 
J  *  1 

Example  3.1.  The  heater  element  of  an  electric  kettle  has  a  constant  resistance  of  100  Q  and 
the  applied  voltage  is  25<>  V.  Calculate  the  time  taken  to  raise  the  temperature  of  one  Hire  of  water 
from  I5"C  to  90*C  assuming  that  8591  of  the  power  input  to  the  kettle  is  usefully  employed.  If  the 
water  equivalent  of  the  kettle  is  l(X)  g,  find  how  long  will  it  take  to  raise  a  second  litre  of  water 
through  the  same  temperature  range  immediately  after  the  first. 

(Electrical  Engineering,  Calcutta  Univ.  1980) 

Solution.  Mass  of  water        =  1000  g  =  I  kg  ("  "1  cm3  weight  I  gram) 
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Heat  taken  by  water  =  1  x  (90  -  15)    =75  kcal 

Heat  taken  by  the  kettale         =  0.1  x  (90  -  15)  =  7.5  kcal 
Total  heat  taken  =  75  +  7,5    =  82.5  kcal 

Heat  produced  electrically  H  =  !2RtJJ  kcal 

Now,  /  =  250/100  =  2/5  A,J  =  4,200  J/kcal;  H  =  2.52  x  100  x  r/4200  kcal 
Heat  actually  utilized  for  heating  one  litre  of  water  and  kettle 

=  0.85  x  2.52  x  100  x  i/4,20O  kcal 

0.85x6.25xI00xr 

 — rr—   =82.5         /=  10  mm  ?2  second 

4,200 

In  the  second  case,  heat  would  be  required  only  for  heating  the  water  because  kettle  would  be 
already  hoL 

0.85  x  6.25x1 00  xr  n    .   c,  . 

75  =    .'.    /  =  9  mm  53  second 

4,200 

I  Example  3.2.  Two  healer  A  and  B  are  in  parallel  across  supply  voltage  V.  Heater  A  produces 
500  kcal  in  200  min,  and  B  produces  I OOO  kcal  in  10  mitt.  Tlte  resistance  of  A  is  10  ohm.  What  is  the 
resistance  of  B  ?  If  the  same  healers  are  connected  in  series  across  the  voltage  V,  how  much  heal 
will  he  piduccd  in  kcal  in  5  min  ?  (Elect  Science  -  II.  Allahabad  Univ.  1992) 

v2t 

Solution.  Heat  produced        =  —  kcal 

JR. 

r    ■_  <™       V2*  (20x60) 

For  heater  A.  500  =   — — ;   ...(D 

lOx  / 

For  heaterS,  1000  =  V~x  n(-)x60>  ...(g) 

RxJ 

From  Eq.  (/')  and  (it),  we  get,  R=  2.5  U 

When  the  two  heaters  are  connected  in  series,  let  H  be  the  amount  of  heat  produced  in  kcal. 
Since  combined  resistanc  is  (10  +  2.5)  =  12.5  £2,  hence 

Vzx(5x60) 

"  =      12.5x7  "m 
Dividing  Eq.  (Hi)  by  Eq.  (i),  we  have  H  =  HKI  kcal. 

Example  3.3  An  electric  kettle  needs  six  minutes  to  boil  2  kg  of  water  from  the  initial  tempera- 
lure  of  KfC  The  cost  of  electrical  energy  required  for  this  operation  is  12  paise,  the  rate  being  40 
poise  per  kWh.  Find  the  kW-rating  and  the  overall  efficiency  of  the  kettle. 

(F.Y.  Engg,  Pane  Univ.  Nov.  1989) 

Solution.  Input  energy  to  the  kettle  =     ■  12.pa'„S^  -  =  0.3  kWh 
v         BJ  40  paise/kWh 

,  energy  in  k Wh      0.3       , .  „r 

Input  power  =  ,  ■  =  =  3  kU 

Time  in  hours  (6/60) 

Hence,  the  power  rating  of  the  electric  kettle  is  3  kW 

Energy  utilised  in  heating  the  water 

=  mst  =  2  x  I  x  ( 100  -  20)  =  160  kcal  =  160  /860  kWh  =  0. 1 86  kWh. 

Efficiency  =  output/input  =  0. 186/0.3  =  0.62  =  62%. 

3.4.    S.I.  Units 

1.  Mass.  It  is  quantity  of  matter  contained  in  a  body. 

Unit  of  mass  is  kilogram  (kg).  Other  multiples  commonly  used  are  : 

1  quintal  =  100  kg,  1  tonne  =  10  quintals  =  1000  kg 
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2.  Force.  Unit  of  force  is  newton  (N).  Its  definition  may  be  obtained  from  Newton's  Second 
Law  of  Motion  i.e.  F  =  ma. 

If  m  =  I  kg  ;  a  =  I  m/s~,  then  F  =  I  newton. 

Bonce,  one  newton  is  that  force  which  can  give  an  acceleration  of  1  m/s"  to  a  mass  of  t  kg. 
Gravitational  unit  of  force  is  kilogram-weight  (kg-wt).  It  may  be  defined  as  follows  : 

or 

It  is  the  force  which  can  impart  an  acceleration  of  9.8  vols'  to  a  mass  of  1  kg. 
It  is  the  force  which  can  impart  an  acceleration  of  1  m/s~  to  a  mass  of  9.8  kg. 
Obviously,  1  kg-wt.  =  9.8  N 

3.  Weight.  It  is  the  force  with  which  earth  pulls  a  body  downwards.  Obviously,  its  units  are  the 
same  as  for  force. 

(a)  Unit  of  weight  is  newton  (N) 

(b)  Gravitational  unit  of  weight  is  kg-wt,* 

Note.  If  a  body  has  a  mass  of  ra  kg.  [ben  its  weight,  W  -  mg  new  tons  =  9.8  newions. 

4.  \\  ork.  If  a  force  of  F  moves  a  body  through  a  distance  S  in  its  direction  of  application,  then 

Work  done    W  =  FxS 

(a)  Unit  of  work  is  joule  (J). 

If  .  in  me  above  equation,  F  =  1  N  :  S  =  1  m  ;  then  work  done  =  1  m.N  or  joule. 
Hence,  one  joule  is  the  work  done  when  a  force  of  1  N  moves  a  body  through  a  distance  of  I  m 
in  the  direction  of  its  application. 

(b)  Gravitational  unit  of  work  is  nvkg.  wt  or  m-kg**. 

If  F  =  1  kg-wt;  S=lm;  then  W.D.  =  1  m-kg.  Wt  =  1  m-kg. 

Hence,  one  m-kg  is  the  work  done  by  a  force  of  one  kg-wt  when  applied  over  a  distance  of  one 
metre. 

Obviously,  1  m-kg  =  9.8  m-N  or  J. 

5.  Pmu  r.  It  is  the  rate  of  doing  work.  Its  units  is  watt  (W)  which  represents  1  joule  per  second. 

1  W  =  1  J/s 

If  a  force  of  F  newton  moves  a  body  with  a  velocity  of  v  m./s  then 

power  =  F  x  v  watt 
If  the  velocity  v  is  in  km/s.  then 

power  =  Fxv  kilowatt 
If  the  velocity  v  is  in  km/s,  then 

power  =  Fxv  kilowatt 

6.  kilowatt-hour  tkWh)  and  kilocalorie  (kcai) 

1  kWh  =  1000  x  1-  x  3600  s  =  36  x  105  J 
s 

1  kcal  =  4,186  J   .*.  1  kWh  =  36  x  105/4,  186  =  860  kcal 

7.  Miscellaneous  I 'nits 

.  J 

(0  1  watt  hour  (Wh)  =  1-x  3600  s  =  3600  J 

(it)  I  horse  power  (metric)  =  75  m-kg/s  =  75  x  9,8  =  735.5  J/s  or  watt 
(iii)  I  kilowatt  (kW)  =  1000  W  and  I  megawatt  (MW)  =  106  W 

3.5.    Calculation  of  Kilo-watt  Power  of  a  Hydroelectric  Station 

Let  Q  =  water  discharge  rate  in  cubic  metres/second  (mVs),  H  =  net  water  head  in  metre  (m). 
5  =  9.8 1  r\  ;  overall  efficiency  of  the  hydroelectric  station  expressed  as  a  fraction. 
Since  I  m'  of  water  weighs  1000  kg.,  discharge  rate  is  1000  Q  kg/s. 

When  this  amount  of  water  falls  through  a  height  of  H  metre,  then  energy  or  work  available  per 
second  or  available  power  is 

=  1000  Q%H  J/s    or    W  =  QgH  kW 

*     Often  it  is  referred  to  as  a  force  of  I  kg.  the  word  'wt'  being  omitted.  To  avoid  confusion  with  ma->s  ol 

I  kg.  the  force  ol  I  kg  is  written  in  engineering  literature  as  kg  I'  instead  of  kg.  wt. 
*•    Generally  the  work  '«»'  is  omitted  and  the  unit  is  simply  written  as  m-kg. 
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Since  the  overall  station  efficiency  is  T|,  power  actually  available  is  =  9.81  r|  QHkW. 

Example  3.4.  A  de-icing  equipment  fitted  to  a  radio  twriitl  consists  of  a  length  of  a  resistance 
w  ire  SO  arranged  that  when  a  current  is  passed  through  it.  pails  of  the  aerial  become  warm.  The 
resistance  wire  dissipates  1250  W  when  50  V  is  maintained  across  its  ends.  It  is  connected  to  a  d.c. 
simply  by  100  metres  of  this  copper  wire,  each  conductor  of  which  has  resistance  of  0.006  Ll/m. 

Calculate 

(a)  the  current  in  the  resistance  wire 

ih\  the  power  lost  in  the  copper  connet  ting  wire 

It  )  the  supply  voltage  required  to  maintain  50  V  across  the  healer  itself. 
Solution,  (a)  Current  =  wattage/voltage  =  1250/50  =  25  A 

(b)  Resistance  of  one  copper  conductor  =  0.006  x  100  =  0.6  £2 
Resistance  of  both  copper  conductors                      =  0.6  x  2  =  1 .2  £2 

Power  loss  =  l2R  watts  =  252  x  1.2  =  730  W 

(c)  Voltage  drop  over  connecting  copper  wire  =  IR  volt  =  25  x  1 .2  =  30  V 
.-.    Supply  voltage  required  =  50  +  30  =  HO  V 
Example  3.5  h  factory  has  a  240-V  supptx  from  which  the  following  loads  are  taken  : 
Lighting        Three  hundred  ISO-W,  four  hundred  100  W  and  five  hundred  60-W  lamps 
Heating    ;    100  kW 

Motors        A  total  of  44. 76  kW  ( 60  b.h.p. )  with  an  average  efficiency  of  75  percent 
Misc.        Various  load  taking  a  current  of  40  A. 

Assuming  that  the  lighting  load  is  on  for  a  period  of  4  hours/day.  the  healing  for  10  hours  per 
day  and  the  remainder  for  2  hours/day,  calculate  the  weekly  consumption  of  the  factory  in  kWh  when 
working  on  a  5-day  week. 

What  current  is  taken  when  the  lighting  load  only  is  switched  on  ? 

Solution.  The  power  consumed  by  each  load  can  be  tabulated  as  given  below  : 

Power  consumed 
Lighting  300  x  150  =  45,000  =  45  kW 

400  x  100  =  40,000  =  40  kW 
500  x  60  =  30,000  «  30  kW 
Total   =  115  kW 
Heating  =  100  kW 

Motors  =  44.76/0.75  =  59.7  kW 

Misc.  =  240  x  40/1000  =  9.6  kW 

Similarly,  the  energy  consumed/day  can  be  tabulated  as  follows  : 

Energy  consumed  /  day 
Lighting  =  1 15  kW  x  4  hr     =  "460  kWh 

Heating  =  lOOkWxlOhr   =   1.000  kWh 

Motors  =  59.7  kW  x  2  hr    =    1 19.4  kWh 

Misc.  =  9.6  kW  x  2  hr     =   19.2  kWh 


Total  daily  consumption  =    1 ,598.6  kWh 

Weekly  consumption  =    1,598.6  x  5  =  7,993  kVVh 

Current  taken  by  the  lighting  load  alone  =    1 15  x  1000/240  =  479  A 

Example  3.6.  A  Disel-eleciric  generating  set  supplies  an  output  of  25  kW.  The  calorific  value 
of  the  fuel  oil  used  is  12,500  kcal/kg.  If  the  overall  efficiency  of  the  unit  is  35%  (a)  calculate  the  mass 
of  oil  required  per  hourfbt  the  electric  energy  generated  per  tonne  of  the  fuel. 

Solution.  Output  =  25  kW,  Overall  r\  =  0.35,  Input  =  25/0.35  =71.4  kW 

.-.    input  per  hour  =  71.4  kWh  =  7 1 .4  x  860  =  6 1 ,400  kcal 

Since  I  kg  of  fuel-oil  produces  12,500  kcal 

(fl)  .".  mass  of  oil  required  =  61. 400/1 2.500  =  4.91  kg 

(b)  1  tonne  of  fuel  =   1000  kg 
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Heal  content  =  1000  x  1 2,500  =  12.5  x  I06  kcal 

=  12.5  x  10  /860  =  14,530  kWh 
Overall  r)  =  0.35%  ,'.  energy  output  =  14,530  x  0.35  =  5,088  k\Vh 

Example  3.7.  The  effective  water  head  far  a  UK)  MW  station  is  220  metres.  The  station  sup- 
plies full  load  for  12  hours  a  day.  If  the  overall  efficiency  of  the  station  is  86.4'7r.  find  the  volume  of 
water  used. 

Solution.  Energy  supplied  in  12  hours  =  100  x  12  =  1200  MWh 

=  12  x  10skWh  =  12  x  105  x  35x  105  J  =  43.2  x  I011  J 
Overall  n  =  86.4%  =  0.864    .-.    Energy  input  =  43.2  x  lOn/0.864  =  5  x  10,2J 
Suppose  m  kg  is  the  mass  of  water  used  in  12  hours,  then  m  x  9.81  x  220  =  5  x  101 

m  =  5  x  10l3/9.81  x  220  =  23.17  x  108kg 
Volume  of  water  =  23.17  x  108/I0J  =  23.17  x  105  m1 

{".'     1  nV  of  water  weighs  I03  kg) 

Example  3.8.  Calculate  the  current  required  hy  a  1.500  volts  d.c.  locomotive  when  drawing 
1 00  tonne  load  at  45  kin.p.h.  with  a  tractive  resistance  of  5  kg/tonne  along  (ai  level  track  (h)  a 
gradient  of  I  in  50.  A  sumc  a  motor  efficiency  of  90  percent. 

Solution.  As  shown  in  Fig.  3.1  (a),  in  this  case,  force  required  is  equal  to  the  tractive  resistance 
only. 

(a)  Force  required  at  the  rate  of  5  kg-wt/tonne  =  100  x  5  kg-wt.  =  500  x  9.81  =  4905  N 
Distance  travelled/second  =  45  x  1000/3600=  12.5  m/s 

Power  output  of  die  locomotive  =  4905  x  12.5  J/s  or  watt  =  61,312  W 
X]  =  0.9    ,\    Power  input  =  61,312/0.9  =  68,125  W 

.■.    Currnet  drawn  =  68. 1 25/ 1 500  =  45.4 1  A 


(a)  {/>)  w 

Fig.  3.1 

{b)  When  the  load  is  drawn  along  the  gradient  [Fig.  3.1  (b)],  component  of  the  weight  acting 
downwards  =  100  x  1/50  =  2  tonne- wT=  2000  kg-wt  =  2000  x  9.8 1  =  19,620  N 
Total  force  required  =  19.620  +  4,905  =  24.525  N 

Power  output  =  force  x  velocity  =  24,525  x  12.5  watt 

24  5^5  x  12  5 

Power  input  =  24,525  x  12.5/0.9  W  ;  Current  drawn  =  "„   ,-,7*  =  227  \ 

0.9x1^00 

Example  3.9.  \  room  measures  4  m  x  7  m  x  5  m  and  the  air  in  it  has  to  he  always  kept  15  C 
higher  than  that  of  the  incoming  air.  The  air  inside  has  to  he  renewed  every  35  minutes.  Neglei  ting 
radiation  loss,  calculate  the  rating  of  the  healer  suitable  for  this  purpose.  Take  specific  heal  of  air 
as  0.24  and  density  as  J. 27  kg/in  ' 

Solution.  Volume  of  air  to  I 
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Mass  of  air  to  be  changed/second  =  (1/15)  x  1.27  kg 

Heal  required/second  -  mass/second  x  sp.  heat  x  rise  in  temp. 

=  (1.27/15)  x  0.24  x  15  kcal/s  =  0.305  kcal/s 

=  0.305  x  4186  J/s  =  1277  watt. 

Example  3.10.  A  motor  is  being  self- started  against  a  resisting  torque  of  60  N-m  and  at  each 
start,  the  engine  is  i  ranked  at  75  r.p.m.  for  <S  seconds.  For  each  start,  energy  is  drawn  from  a  lead- 
acid  hatter)-.  If  the  battery  lias  the  capacity  of  100  Wh,  calculate  the  number  of  starts  that  can  be 
made  with  such  a  battery.  Assume  an  overall  efficiency  of  the  motor  and  gears  as  25%. 

(Principles  of  Elect.  Engg.-I,  .Jadavpur  Univ.  1987) 

Solution.  Angular  speed  to  =  2jt  JV/60  rad/s  =  2n  x  75/60  =  7.85  ratl/s 

Power  required  for  rotating  the  engine  at  tliis  angular  speed  is 
P  =  torque  x  angular  speed  =  0)7"  watt  =  60  x  7.85  =  471  \V 

Energy  required  per  start  is      =  power  x  time  per  start  =  471  x  8  =  3,768  watt-s  =  3,768  J 

=  3,768/3600  =  1.047  Wh 

Energy  drawn  from  the  battery  taking  into  consideration  the  efficiency  of  the  motor  and  gearing 

=  1.047/0.25  =4.188  Wh 

No.  of  start  possible  with  a  fully -charged  battery  =  100/4.188  =  24  (approx.) 

Example  3.1 1.  hind  the  amount  of  electrical  energy  e.xdpended  in  raising  the  temperature  of 
45  litres  of  water  by  75"C.  To  what  height  could  a  weight  of  5  tonnes  he  raised  with  the  expenditure 
of  the  same  energy  '.'  Assume  efficiencies  of  the  heating  equipment  and  lifting  equipment  to  be  90% 
and  70%  respectively.  (Elect.  Engg!  A.M.  Ae.  SJL  Dec.  1991 1 

Solution.  Mass  of  water  healed  =  45  kg.  Heat  required  =  45  x  75  =  3,375  kcal 

Heat  produced  electrically  =  3,375/0.9  =  3,750  kcal.  Now.  I  kcal  =  4,186  J 

.-.    electrical  energy  expended  =  3,750  x  4, !  86  J 

Energy  available  for  lifting  the  load  is  =  0.7  x  3,750  x  4,186  J 

If  h  metre  is  the  height  through  which  the  load  of  5  tonnes  can  be  lifted,  then  potential  energy  of 
the  load  =  mgh  joules  =  5  x  1000  x  9.81  h  joules 

5000  x  9.8 1  x  h  =  0.7  x  3,750  x  4.1 86    .-.    h  =  224  metres 

Example  3.12.  An  hydro-electric  station  has  a  turbine  of  efficiency  <W>  and  <i  generator  of 
efficiency  92ck.  Tfw  effecitive  head  of  water  is  150  nt.  Calculate  the  volume  of  water  used  when 
delivering  a  load  of  40  WW  for  6  hours.  Water  weighs  1000  kg/in  . 

Solution.        Energy  output  =  40  x  6  =  240  MWh 

=  240  x  I01  x  36  x  105  =  864  x  109  J 

Overall  ti  =  0.86  x  0.92    .-.    Energy  input  =   K64xl°      =  10.92  x  U0H  J 

6J    r  0.86x0.92 

Since  the  head  is  150  m  and  1  m3  of  water  weighs  1000  kg,  energy  contributed  by  each  nV  of 
water  =  150  x  1000  m  kg  (wt)  150  x  1000  x  9.8 1  J  =  147.2  x  I04  J 

1 0  92  x  I  o" 

.'.    Volume  of  water  for  the  required  energy  =  — —  -  =74  IK  x  I II4  n 

147.2  xlO4 

Example  3.13.  An  hydroelectric  generating  station  is  supplied  farm  a  reseivoior  of  cajhuity  6  million  nt ' 
at  a  hood  df  170  iil 

(il  What  is  the  available  enert>\-  in  kWh  if  the  hydraulic  efticiencx  be  0.X  anil  the  electrical 
efficiency  0.9  ? 

(it)  Find  the  fall  in  resenoir  level  after  a  loud  of  12.000  kW  has  been  supplied  for  3  hours,  the 
area  of  the  reservoir  is  2.5  km'. 

(tiH  If  the  resen  oir  is  supplied  by  a  river  at  the  rate  of  1.2  m  A.  what  does  this  flow  represent 
in  k  W  and  k  Wli/day  ?  Assume  constant  head  am!  efficiency. 

Water  weighs  I  tonne/m' .  (Elect.  Enginecring-I.  Osmania  Unit .  1987) 


174  Electrical  Technology 

Solution.  (0  Wt.  of  water  W  =  6  x  106  x  1000  kg  wt  =  6  x  109  x  9.81  N 
Water  head  =  170  m 

Potential  energy  stored  in  this  much  water 

=  WA  =  6x  I09x9.8l  x  170 J  =  10I2J 
Overall  efficiency  of  the  station  =  0.8  x  0.9  =  0.71 
.-.    energy  available  =  0.72  x  10°  J  =  72  X  10l,/36  x  105 

=  2  x  10h  k\Vh 
(if)  Energy  supplied  =  1 2.000  x  3  =  36,000  kWh 

Energy  drawn  from  the  reservoir  after  taking  into  consideration  the  overall  efficiency  of  the 
station  =  36,000/0.72  =  5  x  104  kWh  ' 

=  5x  104x36x  10s  =  I8x  1010J 
If  m  kg  is  the  mass  of  water  used  in  two  hours,  then,  since  water  head  is  1 70  m 

mgh  =  18  x  1010 
or  mx9.81  x  170  =  18x  I0!"    .-.    m  =  1 .08  x  10s  kg 

If  h  metre  is  the  fall  in  water  level,  then 

h  x  area  x  density  m  mass  of  water 
h  x  (2.5  x  JO6)  x  1000  =  1.08  x  10s    .%    h  =  0.0432  m  -  432  cr. 
(Hi)  Mass  of  water  stored  per  second  =  1.2  x  1000  =  1200  kg 
Wt.  of  water  stored  per  second    =  1 200  x  9.8 1  N 

Power  stored  =  1200  x  9.81  x  170  J/s  =  2,000  kYY 
Power  actually  available  =  2,000  x  0.72  =  1440  kW 
Energy  delivered  /day  =  1440  x  24  =  34,560  k\Vh 

Example  3. 14.  The  resen'oir  for  a  hydro-electric  Station  is  2  JO  m  above  the  turbine  house.  The 
annual  replenishment  of  the  reservoir  is  45  X  I0'°  kg.  What  is  the  energy  available  at  the  generating 
station  bus  bars  if  the  loss  of  head  in  the  hydraulic  system  is  JO  m  and  the  overall  efficiency  of  the 
station  is  85%.  Also,  calculate  the  diameter  of  the  steel  pipes  needed  if  a  maximum  demand  of 
45  MW  is  to  he  supplied  usint>  two  pipes.  (Power  System,  Allahabad  I'niv.  1W1 1 

Sol t ion.  Actual  head  available  =  230  -  30  =  200  m 


Energy  available  at  the  turbine  house  =  mgh 


=  45  x  1010  x  9.81  x  200  =  88.29  x  I013  J 


=   88-29xl°     =  24.52  x  10'  kWh 
36xl05 

Overall  r|  =  0.85 

Enery  output  =  24.52  x  107  x  0.85  =  20.84  x  107  kWI^ 
The  kinetic  energy  of  water  is  just  equal  to  its  loss  of  potential  energy. 

\  mv2  =  mgh      v  =  ^7~gh  =  72x9.81x200  =  62.65  m/s 

Power  available  from  a  mass  of  m  kg  when  it  flows  with  a  velocity  of  v  m/s  is 

P  =  |mvJ-|xmx  62.652  J/s   or  W 

Equating  this  to  the  maximum  demand  on  the  station,  we  get 

i  m  62.651  =  45  x  10°    .-.    m  =  22,930  kg/s 

It' A  is  the  total  area  of  the  pipes  in  m  ,  then  the  flow  of  water  is  Av  m  /s.  Mass  of  water  flowing/ 
second  =  Av  x  103  kg  (/.    1  m3  of  water  =  1000  kg) 

Axvx  103  =  22,930  or  A  =     22'930  ,  =  0.366  m! 

62.65  xlO3 

If 'd'  is  the  diameter  of  each  pipe,  then  suflA  =  0.183    .-.    d  -  0.4826  m 
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Example  3.15.  A  large  hydel  power  Station  has  a  head  of 324  m  and  ait  average  flow  of  1370 
cubic  metres/sec.  The  reservoir  is  ci  lake  covering  an  area  oj  MOO  «/.  km.  Assuming  an  efficiency  «>/ 
90%  fitr  flie  turbine  and  95%  for  the  generator,  calculate 

fij  the  available  electric  power  ; 

Hi)  the  number  of  davs  tins  power  could  be  supplied  for  a  drop  in  water  level  by  I  metre. 

(AM1E  Sec.  B  Power  System  I  (E-6)  Winter  1991) 
Solution.  (0  Available  power  =  9.81  T\  QH  kW  =  (0.9  x  0.95)  x  1370  x  324  =  379,  524  kW  = 
379.52  MW. 

O'i)  If  A  is  the  lake  area  in  m2  and  h  metre  is  the  fall  in  water  level,  the  volume  of  water  used  is 
=  Axh  =  m3.  The  lime  required  to  discharge  this  water  is  Ah  I Q  second. 
Now,  A  =  6400  x  I06  m2  ;  h  =  1  m;  Q  =  1370  m3  /s. 
.-.    f  =  6400  x  106  x  1/1370  =  4.67  x  1 06  second  =  5466M  da)  I 

Example  3.16.  The  reservoir  area  of  a  hydro-electric  generating  plant  is  spread  over  an  area 
of  4  sm  km  with  a  storage  capacity  of  8  million  cubic-metres.  The  net  head  of  water  available  to  the 
turbine  is  70  metres.  Assuming  an  efficiency  of  0.87  and  0.93  for  water  turbine  and  generator 
rcspet  lively,  calculate  the  electrical  energy  generated  by  the  plant. 

Estimate  the  difference  in  water  level  if  a  load  of  30  MW  is  continuously  supplied  by  the  genera- 
tor lm-  6  hours.  (Power  System  I-AMIE  Sec.  B,  Summer  1990) 

Solution.  Since  1  cubic  metre  of  water  weighs  1000  kg.,  the  reservoir  capacity  =  8  x  106 
m3  =  8  x  106  x  1000  kg.  =  8  x  109  kg. 

Wt.  of  water,  W  =  8  x  10*  kg.  Wt.  8  x  1 09  x  9.8 1  =  78.48  x  109  N.  Net  water  head  =  70  m. 
Potential  energy  stored  in  this  much  water  =  Wh  =  78.48  x  109  x  70  =  549.36  x  10,0J 
Overall  efficiency  of  the  generating  plant  =  0.87  x  0.93  =  0.809 
Energy  available  =  0.809  x  549.36  x  10,<J  J  =  444.4  x  1010  J 

=  444.4  x  10l0/36x  10s  =  12.34  x  10  ktt  h 
Energy  supplied  in  6  hours  =  30  MW  x  6  h  =  180  MWh 

=  180,000  kWh 

Energy  drawn  from  the  reservoir  after  taking  into  consideration,  the  overal  efficiency  of  the 
station  =  180,000/0.809  =  224,500  kWh  =  224,500  x  36  x  105 

=  80.8  x  10m  J 

[f  m  kg.  is  the  mass  of  water  used  in  6  hours,  then  since  water  head  is  70  m, 
mgh  =  80.8  x  1010    or    m  x  9.81  x  70  =  80.8  x  1010    ,\    m=  1.176  x  10  kg, 
If  h  is  the  fall  in  water  level,  then  ft  x  area  x  density  =  mass  of  water 
.-.    Ax(4x  106)x  1000=  1.176  x  109    .-.    h  =  0.294  m  =  29.4  cm. 

Example  3.17.  .\  proposed  hydro-electrn  Million  has  an  available  head  of  30  m.  catchment 
area  of  50  x  10"  sq.m,  the  rainfall  for  which  is  120  cm  per  annum. .  If  70r/c  of  the  total  rainfall  can 
be  collected,  calculate  the  power  that  could  be  generated.  Assume  the  following  efficiencies  Pen- 
slock  S/><>,.  Turbine  80<)t  and  Generator  85.     (Elect.  Engg.  AMIETE  Seu  A  Pari  II  Dec.  1991 1 

Solution.  Volume  of  water  available  =  0.7(50  x  106  x  1.2)  =  4.2  x  107m3 
Mass  of  water  available  =  4.2  x  107  x  1000  =  4.2  x  IO,Dkg 

This  quantity  of  water  is  available  for  a  period  of  one  year.  Hence,  quantity  available  per 
second  =  4.2  x  1010/365  x  24  x  3600  =  1.33  x  103. 
Available  head  =  30  m 

Potential  energy  available  *  mgh  =  1.33  x  103  x  9.8  x  30  =  391  x  103  J 

Since  this  energy  is  available  per  second,  hence  power  availabel  is  =  39 1  x  10  J/s  =  391  x  10  W  =  39 1  k  W 

Overall  efficiency  =  0.95  x  0.80  x  0.85  =  0.646 

The  power  that  could  be  generated  =  391  x  0.646  =  253  k\Y. 

Example  3.18.  In  a  hvdro-electric  generating  station,  the  mean  head  (i.e.  the  difference  of 
height  between  the  mean  level  of  the  water  in  the  take  and  the  generating  station}  is  400  metres.  II 
the  overall  efficiency  of  the  generating  stations  is  70%,  how  many  litres  of  water  are  required  to 
generate  I  kWh  of  electrical  energy  '.'  Take  one  litre  of  water  to  have  a  mass  of  I  kg. 

(F.Y.  Engg.  Pune  Univ.  Nov.  19891 
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Solution.  Output  energy  =  I  kWh  =  36  x  IQ5 1 
Input  energy  =  36  x  l03/0,7  =  5.14  x  106  J 
If  m  kg.  water  is  required,  then 

mgh  =  5.14  x  I06ormx9.81  x  400  =  5. 14  x  10*.     .*,  =  131(1  kj<. 

Example  3.19.  A  3 -tonne  electric-motor-operated  vehicle  is  being  driven  at  a  speed  of  24  km/hr 
upim  tin  incline  of  I  in  20.  Tlie  tractive  resistance  may  he  taken  as  20  kg  per  tonne  Assuming  a  motor 
efficiency  officii  and  the  mechanical  efficiency  between  the  motor  and  road  wheels  af  80%,  calculate 

{til  the  output  of  the  motor 

lb)  the  current  taken  by  motor  if  it  gets  power  from  a  220-V  source. 

Calculate  also  the  cost  of  energy  for  a  run  <f4S  km,  taking  energy  charge  as  40  paise/kWh. 
Solution.  Different  forces  acting  on  the  vehicle  are  shown  in  Fig.  3.2. 

Wt.  of  the  vehicle  =  3  x  103  =  3000  kg-wt 
Component  of  the  weight  of  the  vehicle  acting  downwards  along  the  slope  =  3000  x  1/20  =  150 
kg-wl 

Tractive  resistance 
Total  downward  force 

Distance  travelled/second 
Output  at  road  wheels 
Mechanical  efficiency 

{a)  Motor  output 

{b)  Motor  input 

Current  drawn 
Motor  power  input 
Time  for  48  km  run 
Motor  energy  input 
Cost 

Example  3.20.  Estimate  the  rating  of  an  induction  furnace  to  melt  two  tonnes  of  zinc  in  one 
hour  if  it  operates  at  an  efficiency  of  70%.  Specific  heat  of  zinc  is  0.1.  Latent  heat  of  fusion  ef  zinc 
is  26.67  kcal  per  kg.  Melting  point  is  455%'.  Assume  the  initial  temperature  to  be  25"C. 

(Electric  Drives  and  Utilization  Punjab  Univ.  Jan.  1SW h 

Solution.  Heat  required  to  bring  2000  kg  of  zine  from  25°C  to  the  melting  temperature  of 
455°  C  =  2000  x  0. 1  x  (455  -  25)  =  86,000  kcal. 

Heat  of  fusion  or  melting  =  mL  =  2000  x  26.67  =  53,340  kcal. 
Total  heal  reqd.  =  86,000  +  53,340  =  139,340  kcal 
Furnace  input  =  139,340/0.7  =  199,057  kcal 

Now.  860  kcal  =  1  kWh    .-.    furnace  input  =  199.057/SoO  =  231.5  kWh. 
Power  rating  of  furnace  =  energy  input/time  =  231 .5  kWh/1  h  =  231.5  kW. 

Example  3.21.  A  pump  driven  by  an  electric  motor  lifts  1.5  m  of  water  per  minute  to  a  height 
of  40  m.  Tlie  pump  has  an  efficiency  of  90%  and  motor  has  an  efficiency  of  85%.  Determine  :  fa)  the 
power  input  to  the  motor,  (b)  The  current  taken  from  4R0  V  supply.  lc)  The  electric  energy  con- 
sumed when  motor  runs  at  this  load  for  4  hours.  Assume  mass  of  I  tn  of  water  to  be  WOO  kg. 

(Elect.  Engg.  Pune  Univ.  1986) 

Solution,  (a)  Weight  of  the  water  lifted  =  1.5  m3  =  1.5  x  1000  =  1500  kg.  Wt  =  1500  x  9.8  = 
14700  N. 

Height  =  40  m;  time  taken  1  min.  =  60  s 

.-.    Motor  output  power  14700  x  40/60  =  9800  W 

Combined  pump  and  motor  efficiency  =  0.9  x  0.85 

.-.    Motor  power  input  =  9800/0.9  x  0.85  =  1 28 1 0  W  =  1 2.8 1  kW. 

GO  Current  drawn  by  the  motor  =  12810/480  =  26.7  A 


3  x  20  =  60  kg-wt 
150  +  60  =  210kg-wt 
210x9.81  =  2,060  N 
24,000/3600  =  20/3  m/s 
2,060  x  20/3  watt 
80%  or  0.8 


2,060x20 


=  I7J67  W 


3x0.8 

=  17,167/0.85  =20,200  W 

m  20,200/220  =  91.7  A 

=  20,200  W  =  20.2  kW 

=  2hr. 

=  20.2  x  2  =  40.4  kW 

=  Rs.  40.4  x  0.4  =  Ks.  16  paise  16 


\  w  cos  e 

w 

Fit!-  3.2 
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Electrical  energy  consumed  by  the  motor  =  12.81  kW  x  4  h  =  51.2  kWh. 

Example  3.22.  An  electric  lift  is  required  to  mine  a  loud  of  5  tonne  through  a  height  of  30  m. 
One  quarter  of  electrical  energy  supplied  to  the  lift  is  lost  in  the  motor  and  gearing.  Calculate  the 
energy  in  kWhr  supplied.  If  the  lime  required  lo  raise  the  load  is  27  minutes,  find  the  kW  rating  of 
the  motor  and  the  current  taken  by  the  motor,  the  supply  voltage  being  230  V  d.c.  Assume  r In- 
efficiency of  the  motor  at  90%,  (Elect.  Engg.  A.M.  Ae.  S.I.  June  1991 ) 

Solution   Work  done  by  the  lift  =  Wh  =  mgh  =  (5  x  1000)  x  9.8  x  30  =  1 .47  x  106  J 
Since  25%  of  the  electric  current  input  is  wasted,  the  energy  supplied  to  the  lift  is  75%  of  the 
input. 

.-.  input  energy  to  the  lift  =  1.47  x  106/0.75  =  1.96  x  106  i 
Now,  1  kWh  =  26  x  1 05  J 

.-.  energy  input  to  the  lift  =  1 .96  x  l06/36  x  105  =  0.544  kWh 
Motor  energy  output  =  1.96  x  106  J;  r)  =  0.9 
Motor  energy  input  =  1.96  x  106/0,9  =  2.18  x  10b  J  :  time  taken  =  27  x  60  =  1620  second 
Power  rating  of  the  electric  motor  =  work  done/time  laken 

=  2.18  x  106/1620  =  1.345  x  103  J/s  =  1345  W 
Current  taken  by  the  motor  =  1 345/230  =  5.85  A 

Example  3.23.  An  electrical  lift  make  12  double  journey  per  hour.  A  load  oj  5  lonnc\  i\  raised 
by  it  through  a  height  50  m  and  it  returns  empty.  The  lift  takes  65  seconds  to  go  up  and  48  seconds 
to  return.  The  weight  of  the  cage  is  1/2  tonne  and  that  of  the  counterweight  is  2.5  tonne.  The 
efficiency  of  the  hoist  is  80  per  cent  that  of  the  motor  is  8?  %.  Calculate  the  hourly  consumption  in 
kWh.  (Elect.  Engg.  Pune  Unh.  1988) 

Solution.  The  lift  is  shown  in  Fig.  3.3. 

Weight  raised  during  upward  journey 

=  5  +  1/2  -  2.5  =  3  tonne  =  3000  kg-wt 
Distance  travelled  =  50  m 
Work  done  during  upward  journey 

=  3000x50=  15  x  104  m-kg 
Weight  raised  during  downward  journey 

=  2.5  -  0.5  =  2  tonne  =  2000  kg 
Similarly,  work  done  during  downward  journey 

=  2000  x  50  =  10  x  I0"1  m-kg.  L; 
Total  work  done  per  double  journey 

=  15  x  I04  +  10  x  tO4  =  25  x  104  m-kg  Fi8-  M 

Now,  I,  m-kg  =  9.8  joules 

Work  done  per  double  journey  =  9.8  x  25  x  !04J  =  245x  I04  J 
No.  of  double  journey  made  per  hour  =    1 2 

work  done  per  hour  =    12  x  245  x  104  =  294  x  I05  J 
Energy  drawn  from  supply  =   294  x  105/0.8  x  0.85  =  432.3  xlO5  J 
Now,  1  kWh  =   36  x  105  J 

Energy  consumption  per  hour  =  432.3  x  l05/36  x  105  =  12  kWh 

Example  3.24.  An  electric  hoist  makes  10  double  journey  per  hour.  In  each  journey,  a  load  of 
6  tonnes  is  raised  to  a  height  of  60  meters  in  90  seconds.  The  hoist  cage  weights  1/2  tonne  and  has 
a  balance  load  of  3  tonnes.  The  efficiency  of  the  hoist  is  SO  %  and  of  the  driving  motor  88  %. 
Calculate  (a)  electric  energy  absorbed  per  double  journey  (b)  hourly  energy  consumption  in  kWh 
ft)  hp  {British)  rating  of  the  nwtor  required  ft/)  cost  of  electric  energy  if  hoist  works  for  4  hours/day 
for  30  days.  Cost  per  kWh  is  50  paise.  (Elect.  Power  -  1,  Bangalore  Univ.  1983) 
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Solution.  Wt.  of  cage  when  fully  loaded 

Force  exerted  on  upward  journey 


Force  exerted  on  downward  journey 

Distance  moved 
Work  done  during  upward  journey 
Work  done  during  downward  journey 
Work  done  during  each  double  journey 

Overall  r\ 

Energy  input  per  double  journey 

(a)  Electric  energy  absorbed  per  double  journey  =  505  x  l04/36  x  1 05  =  1.402  kWh 

(b)  Hourly  consumption  =   1.402  x  10  =  14.02  kWh 

(c)  Before  calculating  the  rating  of  the  motor,  maximum  rate  of  working  should  be  found.  It  is 
seen  that  maximum  rate  of  working  is  required  in  the  upward  journey. 

Work  done  =  3,500  x  60  x  9.8 1  =  206  x  104  J 
Tune  taken  =  90  second 
'>06x  I04 

B.H.P  of  motor  =  m  "?*  "      =  38.6  (  British  h.pi 
90  x  0.8  x  746  v 

(d)  Cost  =  14.02  x  (30  x  4)  x  50/100  =  Rs.  841.2 

Example  3.25.  .4  current  of  90  A  flows  for  I  iir,  in  a  resistance  across  which  ihere  is  a  voltage 
of  2  V.  Determine  the  \elocin  with  whn  h  n  weight  of  I  tonne  must  nun  c  in  order  that  its  kinetic 
energy  shall  he  equal  to  the  energy  dissipated  in  the  resistance. 

(Elect.  Engg.  A.MA.e.  S.l.  June  1989.1 

Solution.  Energy  dissipated  in  the  resistance  =  V//  =  2  x  80  x  3600  =  576,000  J 
A  weight  of  one  tonne  represents  a  mass  of  one  tonne  i.e.,  1000  kg.  Its  kinetic  energy  is  =  (1/2) 
x  1000  x  v  -  500  x? 

500  v-  =  576,000    .-.    v  =  1 152  m/s. 

Tutorial  Problems  No.  3.1 

1 .  A  heater  is  required  to  give  900  cal/min  on  a  100  V.  d.c.  circuit.  What  length  of  wire  is  required  for 
this  heater  if  its  resistance  is  3  Q  per  metre  ?  *  |53  metres  | 

2.  A  coil  of  resistance  100  O  is  immersed  in  a  vessel  containing  500  gram  of  water  of  1 6°  C  and  is 
connected  to  a  220- V  electric  supply.  Calculate  the  time  required  to  boil  away  all  the  water  { lkcal  - 
4200  joules,  latent  heat  of  steam  =  536  keal/kg).  [4J  miii  SO  second  | 

3.  A  resistor,  rminererscd  in  oil.  has  62.5  il  resistance  and  is  connected  to  a  500- V  d,c.  supply.  Calcu- 
late 

(a)  the  current  taken 

ih)  the  power  in  watts  which  expresses  the  rate  of  transfer  of  energy  to  the  oil. 

it-)   the  kilowatt-hours  of  energy  taken  into  the  oil  in  48  minutes.  |K  \  ;  -IIUN!  \\  ;  3.2  kVYli  | 

4.  An  electric  kettle  is  marked  500-W,  230  V  and  is  found  to  take  1 5  minutes  to  raise  I  kg  of  water  from 

1  ?*  C  to  boiling  point.  Calculate  the  percentage  of  energy  which  is  employed  in  heating  the  water. 

f79  per  cent| 

5.  An  aluminium  kettle  weighing  2  kg  holds  2  litres  of  water  and  its  heater  element  consumes  a  power  of 

2  kW.  If  40  percent  of  the  heat  supplied  is  wasted,  find  the  time  taken  to  bring  the  kettle  of  water  to 
boiling  point  from  an  initial  temperature  of  20°C.  (Specific  heat  of  aluminium  =  0.2  and  Joule's 
equivalent  =  4200  J/kcaU  |ll.2iimi| 


=  6—  tonne- wt. 

=  6  4  ™3  =  3  i  lonne-wt. 
2  2 

=  3^x1000  =  3,500  kg-wt. 

=  3  -  -  =  2  —  tonnes- wt  =  2500  kg-wt 
2  2 

=  60m 

=  3.500  x  60  m-kg 

=  2,500  x  60  m-kg 

=  (3,500  +  2,500)  x  60  =  36  x  104  m-kg 

=  36x  104  x  9.81  =534x  104J 

=  0.80x0.88 

=  534  X  104/0.8  x  0.88  =  505  x  1 04  J 
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6.  A  small  eiecirically  heated  drying  oven  has  two  independent  heating  elements  each  of  1000  Q  in  its 
heating  unit.  Switching  is  provided  so  that  the  oven  temperature  can  be  altered  by  rearranging  the 
resistor  connections.  How  many  different  heating  positions  can  be  obtained  and  what  is  the  electrical 
power  drawn  in  each  arrangement  from  a  200  V  battery  of  negligible  resistance  ? 

I  Three.  -Ml.  2(1  and  811  W] 

7.  Ten  electric  heaters,  each  taking  200  W  were  used  to  dry  out  on  site  an  electric  machine  which  had 
been  exposed  to  a  water  spray.  They  were  used  for  60  hours  on  a  240  V  supply  at  a  cost  of  twenty 
paise/kWh.  Calculate  the  values  of  following  quantities  involved  : 

(a)  current   (ft)  power  in  kW    (c)  energy  in  kWh    id)  cost  of  energy. 

|la)  8.33  A  l/>>  2  kW  (c)  120  kWh  id)  Rs.  241 

8.  An  electric  furnace  smelts  1000  kg  of  tin  per  hour.  If  the  furnace  takes  50  kW  of  power  from  the 
electric  supply,  calculate  its  efficiency,  given  :  the  smelting  tempt,  of  tin  =  235°C  ;  latent  heal  of 
fusion  =  13.31  kcal/kg;  initial  temperature  -  I5°C  ;  specific  heal  =  0.056.  Take  J  =  4200  J/kcal. 

\§9M%  I  {Electrical  Engg.-I,  Delhi  Univ.  I98Q) 
t.  Find  the  useful  rating  of  a  lin-smeking  furnace  in  order  to  smalt  50  kg  of  tin  per  hour.  Given  : 
Smelting  temperature  of  tin  =  235°C,  Specific  heat  of  tin  =  0.055  kcal/kg-K.  Latent  heat  of  liquefaction 
=  13.31  kcal  per  kg.  Take  initial  temperature  of  metal  as  15°C.  [  1.5  kW]  {F.Y.  Engg.  Pune  Univ.  1990) 

OBJECTIVE  TESTS  -  3 


1 .  In  the  SI  system  of  units,  the  unit  of  force  is 
(a)  kg-wt  (ft)  newton 

(c)  joule  (d)  N-m 

2.  The  basic  unit  of  elecuic  charge  is 

(a)  ampere-hour         (b)  watt-hour 
(c)  coulomb  (</)  farad 

3.  The  SI  unit  of  energy  is 

(a)  joule  (b)  kWh 

(c)    kcal  (d)  m-kg 

4.  Two  heating  elements,  each  of  230-V, 
3.5  kW  rating  are  first  joined  in  parallel  and 
then  in  series  to  heat  same  amount  of  water 
through  the  same  range  of  temperature.  The 
ratio  of  the  time  taken  in  the  two  cases  would 
be 

(a)  1:2  (*)  2 : 1 

(f)    1  :  4  {d)  4  :  I 

5.  If  a  220  V  heater  is  used  on  1 10  V  supply, 

heat  produced  by  it  will  be         as  much. 

(a)  one-half  (ft)  twice 

(e)   one-fourth  (d)  four  times 

ft.  For  a  given  line  voltage,  four  heating  coils 
will  produce  maximum  heat  when  connected 
(ft)  all  in  parallel         (b)  all  in  series 

(c)  with  two  parallel  pairs  in  series 

(d)  one  pair  in  parallel  with  the  other  two 
in  series 

7.  The  elecuic  energy  requird  to  raise  the  tem- 
perature of  a  given  amount  of  water  is  1 000 


kWh.  If  heat  losses  are  25%,  the  total  heat- 
ing energy  required  is  —  kWh. 
(a)    1500  tb)  1250 

(c)    1333  (d)  1000 

8,  One  kWh  of  energy  equals  nearly 

(a)    1000  W  {/>)  860  kcal 

(c)   4186  J  (d)  735.5  W 

9.  One  kWh  of  electric  energy  equals 
(a)  3600  1  (ft)  860  kcal 
(c)   3600  W  (d)  4186  J 

10.  A  force  of  10,000  N  accelerates  a  body  to  a 
velocity  0. 1  km/s.  This  power  developed  is 
 kW 

(a)    1,00.000  (ft)  36.000 

(c)   3600  (d)  1000 

11.  A  100  W  light  bulb  burns  on  an  average  of 
10  hours  a  day  for  one  week.  The  weekly 

consumption  of  energy  will  be  unit/s 

(a)  7  ,    (b)  70 

(c)   0.7  (d)  0.07 

(Principles  of  Elect.  Engn.  Delhi 
Univ.  July.  19841 

12.  Two  heaters,  rated  at  1 000  W,  250  volts  each, 
are  connected  in  series  across  a  250  Vol  is  50 
Hz  A.C.  mains.  The  total  power  drawn  from 
the  supply  would  be  watt., 

(a)    1000  (ft)  500 

(c)  250  {d)  2000 

(Principles  of  Elect.  Engg.  Delhi 
Univ.  July.  I1>84| 
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ELECTROSTATICS 


4.1.  Static  Electricity 

In  the  preceding  chapters,  we  concerned  ourselves  exclusively  with  electric  current  i.e.  electric- 
ity in  motion.  Now,  we  will  discuss  the  behaviour  of  static  electricity  and  the  laws  governing  it.  In 
fact,  electrostatics  is  that  branch  of  science  which  deals  with  the  phenomena  associated  with  electric- 
ity at  rest. 

It  has  been  already  discussed  that  generally  an  atom  is  electrically  neutral  i.e.  in  a  normal  atom 
the  aggregate  of  positive  charge  of  protons  is  exactly  equal  to  the  aggregate  of  negative  charge  of  the 
electrons. 

If,  somehow,  some  electrons  are  removed  from  the  atoms  of  a  body,  then  it  is  left  with  a  prepon- 
derance of  positive  charge.  It  is  then  said  to  be  positively-charged.  If,  on  the  other  hand,  some 
electrons  are  added  to  it,  negative  charge  out-balances  the  positive  charge  and  the  body  is  said  to  be 
negatively  charged. 

In  brief,  we  can  say  thai  positive  electrification  of  a  body  results  from  a  deficiency  of  the  elec- 
trons whereas  negative  electrification  results  from  an  excess  of  electrons. 

The  total  deficiency  or  excess  of  electrons  in  a  body  is  known  as  its  charge. 

4.2.  Absolute  and  Relative  Permittivity  of  a  Medium 

While  discussing  electrostatic  phenomenon,  a  certain  property  of  the  medium  called  its  permit- 
tivity plays  an  important  role.  Every  medium  is  supposed  to  possess  two  permittivities  : 
fj)   absolute  permittivity  (e)  and  07)  relative  permittivity  (er). 

For  measuring  relative  permittivity,  vacuum  or  free  space  is  chosen  as  the  reference  medium.  It 
has  an  absolute  permittivity  of  8.854  x  10" 12  F/m 

Absolute  permittivity        e0  =  8.854  x  10~'2  F/m 

Relative  permittivity,         er  =  1 

Being  a  ratio  of  two  similar  quantities,  £f  has  no  units. 

Now,  take  any  other  medium.  If  its  relative  permittivity,  as  compared  to  vacuum  is  er,  then  its 
absolute  permittivity  is  £  =  Eq  er  F/m  , 

If,  for  example,  relative  permittivity  of  mica  is  5.  then,  its  absolute  permittivity  is 

E  =      £r  =  8.854  x  10~12  x  5  =  44.27  x  10"12  F/m 

4.3.  Laws  or  Electrostatics 

First  Law.  Like  charges  of  electricity  repel  each  other,  whereas  unlike  charges  attract  each  oilier. 

Second  Law .  According  to  this  Jaw,  the  force  exerted  between  two  point  chages  (»)  is  directly 
proportional  to  the  product  of  their  strengths  (ii)  is  inversely  proportional  to  the  square  of  the  dis- 
tance between  them. 

This  law  is  known  as  Coulomb's  Law  and  can  be  expressed  mathematically  as  : 

r     QiQ2  ,  QyQ. 

F  °=      ,     or    F  =  k  , 
rf"  d2 
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tn  vector  form,  the  Coulomb's  law  can  be  written  as 
where  d  is  the  unit  vector  i.e.  a  vector  of  unit  length  in  the 

direction  of  distance  d.  i.e.  d  =  d/d         d       \  where  d  is 

=  wj-  - 
d2 

the  vector  notation  for  tl,  which  is  a  scalar  notation) 
Therefore,  expltcil  forms  of  this  law  are  : 
QtQ2  J        QtQ2  - 


and 


Fl2 


=  k 


-xT-dn=k 


dn  where  /r2]  is 
dn 


Fig.  4.1 


the  force  on  Q2  due  to  (J,  and  d\i  is  the  unit  vector  in  direction  from  Qi  to 


Mi 


rfn  =  k 


4 


t/;i  where  Z*",-,  is  the  force  on  £>,  due  to  0-,  and  ^  is 


the  unit  vector  in  the  direction  from  Q2  to  Qv 
where  A:  is  the  constant  of  proportionality,  whose  value  depends  on  the  system  of  units  employed.  In 
S.I.  system,  as  well  as  M.K.S.A.  system  k  =  l/4roz.  Hence,  the  above  equation  becomes. 

4  md1 


F  = 


47tene,d" 


If  Q,  and  Q,  are  in  coulomb,  d  in  metre  and  e  in  farad/metre,  then  F  is  in  newtons 

I  L 

4iten 


Now 


-12 


o0        471x  8.854  x10 
Hence,  Coulomb's  Law  can  be  written  as 

.9  Q\Q2 
9  Q\Q-_ 


=  8.9878  x  \09  =  9  x  10*  (approx.) 


f  =  9x10 


.  9x10 


-in  a  medium 


— in  air  or  vacuum  ...(it 


If  in  Eq.  (i)  above 
then  Q-, 


Qi  =  Q2=Q  (say).  d  =  1  melre^  F=9x  \0  N 
=  1    or    Q  =  ±  1  coulomb 
Hence,  one  coulomb  of  charge  may  be  defined  as  that  charge  for  quantity  of  electricity)  which 
when  placed  in  air  (strictly  vacuum)  from  an  equal  and  similar  charge  repels  it  with  a  force  of 
9x70*  N. 

Although  coulomb  is  found  to  be  a  unit  of  convenient  size  in  dealing  with  electric  current,  yet, 
from  the  standpoint  of  electrostatics,  it  is  an  enormous  unit.  Hence,  its  submultiples  like  micro- 
coulomb  (u  C)  and  micro-microcoulomb  (u  uC)  are  generally  used.  ( 

I  uC  =  10^C;  I  uuC  =  10"I2C 

It  may  be  noted  here  that  relative  permittivity  of  air  is  one,  of  water  81 ,  of  paper  between  2  and 
3,  of  glass  between  5  and  10  and  of  mica  between  2.5  and  6. 

Example  4.1.  Calculate  the  electrostatic  force  of  repulsion  between  two  a-particles  when  at  a 
-it  '  —is 

distance  of  10     m  from  each  other    Charge  of  an  a-particles  is  i.2  x  10     C.  If  mass  of  en  h 

particle  is  6.68  x  10  '  N-m'/kg". 


Sainton.  Here    g,  =  Q2  =  3.2  x  I0"19  C,  d  =  10  13  m 


F  = 


_  9x  10  x 


3.2  x  10  |g  x3.2  x  10  '' 

ao-'Y 


=  9.2  x  10  *N 


The  force  of  gravitational  attraction  between  the  two  particles  is  given  by 


F  = 


_  a 


Ml,*?!-, 
d1' 


6.67  x  10'"  x  (6.68  x  10~27)2 
do-'3)2 


=  2  97  x  Hi"  N 
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Obviously,  this  force  is  negligible  as  compared  10  the  electrostatic  force  between  the  two 
particles. 

Example  4.2.  Calculate  the  distance  oj  teparalkm  between  two  electrons  fin  vacuum)  Jor  which 
the  electric  force  between  them  is  equal  to  the  gravitation  force  on  one  of  them  at  the  earth  surface, 
mass  of  electron   =  y.IxU 

Solution.  Gravitational  force  on  one  electron. 

=  mg  newton  =  9.1  x  10"M  x  9.81  N 
Electrostatic  force  between  the  electrons 


kg.  charge  of  electron  =  1.6  X  10  C. 


s  9x10 


9  Q~  _  9x  1Q9  x(l.6x  I0~19)2 


N 


Equating  the  two  forces,  we  have 


9  x  109  x  2.56x  10  38 


=  9.1  x  10  31  x9.81 


d  =  5.»8  in 


Example  4.3.  ( a )  Three  identical  point  charges,  each  CI  coulombs,  are  placed  at  the  vertices  of 
an  equilateral  triangle  10  cm  apart.  Calculate  the  force  on  each  charge. 

lb)  Two  charges  Q  coulomb  each  are  placed  at  two  opposite  corners  of  a  square.  What  addi- 
tional charge  "q  "  placed  at  each  of  the  other  TWO  corners  will  reduce  the  resultant  electric  force  <<n 
each  of  the  charges  Q  to  zero  ? 

Solution,  (a)  The  equilateral  triangle  with  its  three  charges  is  shown  in  Fig.  4.2  (a).  Consider 
the  charge  Q  respectively.  These  forces  are  equal  to  each  other  and  each  is 


F  =  9x  10 


1    Q      _  n      mil  ~2 


O.i 


_  =  9  x  10   (T  n 


DO 


(o)  *  ib) 

Fig.  4.2 

Since  the  angle  between  these  two  equal  forces  is  60°,  their  resultant  is 

=  2  x  F  x  cos  60*72  =  S  F  =  9  x  1011  x  73  QJ  Newton 
The  force  experienced  by  other  charges  is  also  the  same. 

{b\  The  various  charges  are  shown  in  Fig.  4.2  (b).  The  force  experienced  by  the  charge  Q  at 
point  C  due  to  the  charge  Q  at  point  A  acts  along  ACM  and  is 


:  109     9-      =  4.5  x  I09  (fid1  newton 


(4idy 


...(0 


where  d  is  the  side  of  the  square  in  metres. 

If  the  chrages  q  are  negative,  they  will  exert  attractive  forces  on  the  charge  Q  at  point  C  along 
CB  and  CD  respectively.  Each  force  is 

_  _  9x  109-^?  newton 
d~ 
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Since  these  two  forces  are  at  right  angles  to  each  other,  their  resultant  is 

=  -V2x9xl09^ 
d" 

IF  net  force  on  charge  Q  at  point  C  is  to  be  zero,  then  (0  must  equal  (ii), 

4.5  xlO9^   =-9x  109  72 -2?    .-.  q  =  -  QllJl  coulomb 
d2  d- 

Example  4.4.  The  small  identical  conducting  \plwres  have  charges  of  2.0  x  tO  C  and  -  0.5  x 
10  respectively.  When  they  are  placed  -I  cm  apart,  w  hat  is  the  force  between  them  "  If  they  are 
brought  into  contact  and  then  separated  by  4  cm.  what  is  the  force  between  them  ? 

(Electromagnetic  Theory.  A.M.  I.E.  Sec  H,  I990t 

Solution.  F  =  9  x  10""  Q}  QJd2  =  9  x  10~9  x  (-  0.5  X  10~9)/0.042  =  -  56.25  x  10~7  N.  When  two 
identical  spheres  are  brought  into  contact  with  each  other  and  then  separated,  each  gets  half  of  the 
total  charge.  Hence, 

<2,  =  Q7  =  [2  x  1(T9  +  (-  0.5  x  10^)12  =  0.75  x  ICT9  C 
When  they  are  separated  by  4  cm, 

F  =  9  x  10~9  x  (0.75  X  10~9)2/0.042  =  0.316  x  10  5  N 

Example  4.5.  Determine  resultant  force  on  3  ur  charge  due  to  -  4\iC  and  10  nC  charges.  Alt 
these  three  point  charges  are  placed  on  the  vertices  of  equilateral  triangle  ABC  of  side  50  <  in 

|  Bombay  University,  2001] 


3uC 


3  uC 


-50  cm- 

-4pC  +10nC 

fig.  43  (*)  Fig.  4.3  (/>} 


Solution.  F,  =  %  =3x10^  10  X 


2      4n*^f2  4k  x  8.854  x  10~12  x  0.50  x  0.50 

=  1.08  x  10~3  Newton,  in  the  direction  shown 
Similarly,  F«  =  0.432  Newton,  in  the  direction  shown.  < 

Resultant  of  F(  and  F,  has  to  be  found  out. 

Example  4.6.  A  capacitor  is  composed  of  2  plates  separated  by  a  sheet  of  insulating  material 
3  mm  thick  mid  of  relative  primitivity  4.  The  distance  between  the  plates  is  increased  to  alh>w  the 
insertion  of  a  second  sheet  of  5  mm  thick  and  of  relative  permitivity  t'r.  If  the  equivalent  capacitance 
is  one  third  aj the  anginal  capacitance,  hind  the  value  of (Bombay  University.  2001 1 

Solution.  C,  =  fc<4/3),    where    k  =  e,^  x  10+  3 

The  composite  capacitor  [with  one  dielectric  of  erl  =  4  and  other  dielectric  of  Er2  as  relative 
permitivity  has  a  capacitance  of  C/3.  Two  capacitors  are  effectively  in  series.  Let  the  second  dielec- 
tric contribute  a  capacitor  of  C2. 

K  (4/9)  =     C,C2  K.(4/3).C2 
' v  C,  +  C2     K  .  (4/3)  +  C, 

This  gives  C2  =  2/3  K 


1X4 
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(2/3)  K  = 


=  10/3  .  K  \leQA  x  10"-1 
=  10/3  eaAx  103  \/enA  X  tO 
=  10/3  =  3.33 


r3 


4.4.    Electric  Field 

It  is  found  that  in  the  medium  around  a  charge  a  force  acts  on  a  positive  or  negative  charge  when 
placed  in  that  medium.  If  the  charge  is  sufficiently  large,  then  it  may  create  such  a  huge  stress  as  to 
cause  the  electrical  rupture  of  the  medium,  followed  by  the  passage  of  an  are  discharge. 


The  region  in  which  the  stress  exists  or  in  which  electric  forces  act,  is  called  an  electric  field  or 
electrostatic  field. 

The  stress  is  represented  by  imaginary  lines  of  forces.  The  direction  of  the  lines  of  force  at  any 
point  ts  the  direction  along  which  a  unit  positive  charge  placed  at  that  point  would  move  if  free  to  do 
so.  It  was  suggested  by  Faraday  that  the  electric  field  should  be  imagined  to  be  divided  into  tubes  of 
force  containing  a  fixed  number  of  lines  of  force.  He  assumed  these  tubes  to  the  elastic  and  having 
the  property  of  contracting  longitudinally  the  repelling  laterally.  With  the  help  of  these  properties,  it 
becomes  easy  to  explain  (f)  why  unlike  charges  attract  each  other  and  try  to  come  nearer  to  each 
other  and  (ii)  why  like  charges  repel  each  other  [Fig,  4.4  (a)]. 

However,  it  is  more  common  to  use  the  term  lines  of  force.  These  lines  are  supposed  to  emanate 
from  a  positive  charge  and  end  on  a  negative  charge  [Fig.  4,4  (b)].  These  lines  always  leave  or  enter 
a  conducting  surface  normally. 

4.5.    Electrostatic  Induction 

It  is  found  that  when  an  uncharged  body  is  brought  near  a  charged  body,  it  acquires  some 
charge.  This  phenomenon  of  an  uncharged  body  getting  charged  merely  by  the  nearness  of  a  charged 
body  is  known  as  induction.  In  Fig.  4.5,  a  positively-charged  body  A  is  brought  close  to  a  perfectly- 
insulated  uncharged  body  B.  It  is  found  mat  the  end  of  B  nearer  to  A  gets  negatively  charged  whereas 
further  end  becomes  positively  charged.  The  negative  and  positive  charges  of  B  are  known  as 
induced  charges.  The  negative  charge  of  B  is  called  'bound'  charge  because  it  must  remain  on  B  so 
long  as  positive  charge  of  A  remains  there.  However,  the  positive  charge  on  the  farther  end  of  B  is 
called  free  charge.  In  Fig.  4.6,  the  body  B  has  been  earthed  by  a  wire.  The  positive  charge  flows  to 
earth  leaving  negative  charge  behind.  If  next  Ah  removed,  then  this  negative  charge  will  also  go  to 
earth,  leaving  B  uncharged.  It  is  found  that  : 


REPULSION 


Fig.  4.4  (n( 


Fig.  4.4  (/>) 
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(0  a  positive  charge  induces  a  negative  charge  and  wee-versa. 
(it)  each  of  the  induced  charges  is  equal  to  die  inducing  charge. 
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4.6. 


Fig.  4.5 

Electric  Flux  and  Faraday  Tubes 


Pig.  4.6 


Fiy.  4.7 


Consider  a  small  closed  curve  in  an  electric  Field  (Fig.  4.7).  If  we  draw  lines  offeree  through 
each  point  of  this  closed  curve,  then  we  get  a  tube  as  shown  in  the  figure.  It  is  called  the  tube  of  the 

electric  flux.  It  may  be  defined  as  the  region  of  space  enclosed  within 
the  tubular  surface  formed  by  drawing  lines  of  force  through  every 
point  of  a  small  closed  curve  in  the  electric  field. 

Since  lines  of  force  end  on  conductors,  the  two  ends  of  a  flux 
tube  will  consist  of  small  area  dst  and  ds2  on  the  conductor  surfaces. 
If  surface  charge  densities  over  these  areas  are  a,  and  -  a,,  then 
charges  at  the  two  ends  of  the  flux  tube  will  be  o,  ds,  and  -  o~,  ds2. 
These  charges  are  assumed  to  be  always  equal  but  opposite  to  each 
other.  The  strength  of  a  flux  tube  is  represented  by  the  charge  at  its 
ends. 

A  unit  tube  afflux  is  one  in  which  the  end  charge  is  one  unit  of  charge. 

In  the  S.I.  system  of  units,  one  such  tube  of  flux  is  supposed  to  start  from  a  positive  charge  of 
one  coulomb  and  terminate  on  a  negative  charge  of  the  same  amount. 

A  unit  tube  of  flux  is  known  as  Faraday  tube.  If  the  charge  on  a  conductor  is  ±  Q  coulombs,  then 
the  number  of  Faraday  tubes  starting  or  terminating  on  it  also  Q. 

The  number  of  Faraday  tubes  of  flux  passing  through  a  surface  in  an  electric  field  is  called  the 
electric  flux  (or  dielectric  flux)  through  that  surface.  Electric  flux  is  represented  by  the  symbol 
Since  electric  flux  is  numerically  equal  to  the  charge,  it  is  measured  in  coulombs. 

Hence,  v|/  =  Q  coulombs 

Note.  It  may  also  be  noted  that  'tubes  of  flux"  passing  per  unit  area  through  a  medium  are  also  supposed 
to  measure  the  'electric  displacement'  of  that  dielectric  medium.  In  that  case,  they  are'  referred  to  us  lints  of 
displacement  and  are  equal  to  e  times  the  lines  of  force  (Art.  4.8).  Ii  is  important  to  differentiate  between  the 
tubes  of  flux'  and  'lines  of  force"  and  to  remember  thai  if  Q  is  the  charge,  then 

tubes  of  flux   =  Q  and  lines  of  force  =  Qit 
4.7.    Field  Strength  nr  Field  Intensity  or  Electric  Intensity  <E( 

Electric  intensity  at  any  point  within  an  electric  field  may  be  defined  in  either  of  the  following 
three  ways  : 

(a)  It  is  given  by  the  force  experienced  by  a  unit  positive  charge  placed  at  that  point.  Its 
direction  is  the  direction  along  which  the  force  acts. 
Obviously,  the  unit  of  E  is  newton/couiomb  (NIC). 

For  example,  if  a  charge  of  Q  coulombs  placed  at  a  particular  point  P  within  an  electric  field 
instances  a  force  of  F  newton.  then  electric  field  at  that  point  is  given  by 

E  =  F/QN/C 
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The  value  of  E  within  the  field  due  to  a  point  charge  can  be  found  with  help  of  Coulomb's  laws. 
Suppose  it  is  required  to  find  the  electric  field  at  a  point  A  situated  at  a  distance  of  d  metres  from  a 
charge  of  Q  coulombs.  Imagine  a  positive  charge  of  one  coulomb  placed  at  that  point  (Fig.  4.8).  The 
force  experienced  by  this  charge  is 


F  = 


E  = 


Qxl 


4  it  EqE^" 

Qx  1 
4  n  tfMlA 


N  or  F  = 


Qxl 


=  9x10' 


Z.d 


N/C 


N/C 


4  it  e0er</^ 


in  a  medium 


t  PA 


Fij;.  4.8 


or  in  vector  notation. 


E(d)  = 


9  x  W 
Q 


r 

-N/C 


,  —* 
a  where  E  (d)  denotes  £  as  a  function  of  d 


4  it  r,,J" 
9  x  I09  N/C 


in  air 


Now 


(b)  Electric  intensity  at  a  point  may  be  defined  as  equal  to  the  lines  of  force  passing  normally 
through  a  unit  cross-section  at  that  point.  Suppose,  there  is  a  charge  of  Q  coulombs.  The  number  of 
lines  of  force  produced  by  it  is  Q/E.  If  these  lines  fall  normally  on  an  area  of  A  m"  surrounding  the 
point,  then  electric  intensity  at  that  point  is 

Qlz=Q_ 
A  zA 

D  — the  flux  density  over  the  area 

D  _  D 

_D 

The  unit  of  E  is  volt/metre. 

(c)  Electric  intensity  at  any  point  in  an  electric  field  is  equal  to  the  potential  gradient  at  tfuit  point. 
In  other  words.  E  is  equal  to  the  rate  of  fall  of  potential  in  the  direction  of  the  lines  of  force. 

-dV 


E 
Q/A 


— in  a  medium 


-in  air 


E  = 


dx 


Obviously,  the  unit  of  E  is  volt/metre. 

It  may  be  noted  that  E  and  D  are  vector  quantities  having  magnitude  and  direction. 

— > 

.'.    In  vector  notation,      q    =  euE 

Example  4.7.  Paint  charges  in  air  are  located  as  follows  : 

+  5X  I6F*  Cat  10.  0)  metres,  +<tx  10~*  C  at  (3.  0)  metres  and  -  6  x  10*  Cat  (0.4)  metres.  Find 
electric  Held  mtensit}-  at  f  J.  4)  metres. 

Solution.  Electric  intensity  at  point  D  (3.  4)  due  to  positive  charge  at  point  A  is 
£,=9x  109  Q/d2  =  9  x  IQ9  x  5  x  10~W  =  18  V/m 
As  shown  in  Fig.  4.9.  it  acts  along  AD. 
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-6xlOSC 


(0,0) 


Similarly,  electric  intensity  at  point  D  due  to  positive  charge  at 
point  Bis£2  =  9x  I0*x4x  l(j~*t42  =  22.5  V/m.  It  acts  along  BD. 

E,  =  9  x  109  x  6  x  10~8/32  =  60  V/m.  Il  acts  along  DC. 

The  resultant  intensity  may  be  found  by  resolving  £,',,  E, 
and  E3  into  their  X-and  K-coniponents.  Now,  tan  6  =  4/3; 
9  =  53°8'. 

X-componenl  =  £,  cos  9  -  E2  =  18  cos  53°  8'  -  60 
=  -49.2 

r-componenl  =  £,  sin  0  +  E2  =  18  sin  53°  8'  +  22.5  =  36.9 

E  m  7(-49.2)2  +  36.92  =61.5  V/m. 
It  acts  along  DE  such  that  tan  0  =  36.9/49.2  =  0.75. 

Hence  <j)  =  36.9 '. 

Example  4.8.  An  electron  has  a  velocity  of  1,5  x  10'  ni/s  at  right  angles  to  the  uniform  electric 
field  between  two  parallel  deflecting  plates  of  a  cathode-ray  lithe.  If  the  plates  are  2.5  cm  long  and 
spaced  0.9  cm  apart  and  p.d.  between  the  plates  is  75  V.  calculate  how  far  the  electron  is  deflected 
sideways  during  its  movement  through  the  electric  field  Assume  elecronic  charge  to  be  1.6  x  JO 
coulomb  and  electronic  mass  to  be  9.}  x  10  '  kg. 

Solution.  The  movement  of  the  electron  through  the  electric  field  is  shown  in  Fig.  4.10.  Elec- 
tric intensity  between  the  plates  is  E  =  dV/dx  =  75/0.009  =  8,333  V/m. 

Force  on  the  electron  is       F  =  QE  =  8,333  x  1 .6  x  I0"19  =  1.33  x  10~15  N. 

Since  the  deflection  x  is  small  as  compared  to 
the  length  of  the  plates,  time  taken  by  the  electron 


ELECTRON  PATH- 


0.9cm 


to  travel  through  the  electric  field  is 
=  0.025/1.5  x  107  =  1.667  x  10"*  s 

Now,  force  =  mass  x  acceleration 
/.  Transverse  acceleration  is 
1-33x10""    ,  AA__  1#js 


2.5  cm 
Fig.  4.10 


tion  x  time 


=  1.44  x  10IJ  m/s" 

9.1  x  10"" 

Final  transverse  velocity  of  the  electron  =  accelera- 
=  1.44  x  10" 15  x  1.667  x  10"9=  2.4  x  106  m/s 


.'.    sideways  or  transverse  movement  of  the  electron  is 

x  =  (average  velocity)  x  time  ' 

=  J_x  2.4  x  I06  x  1.667  xlO""*  =  2  mm  (approx.l* 

2 

4.8.    Electric  Flux  Density  or  Electric  Displacement 
Il  is  given  by  the  normal  flux  per  unit  area. 

If  a  flux  of  ¥  coulombs  passes  normally  through  an  area  of  A  nrT,  then  flux  density  is 

D  =  ^-  C/m2 
A 


The  above  result  could  he  found  hv  using  the  general  formula 

w  here     v/m  -  ratio  of  the  charge  and  mass  of  (he  electron 

V  =  p.d  between  plates  in  volts,  d  -  separation  of  the  plates  in  metres 
/  -  length  ol  the  plates  in  metres;  v  -  axial  velocity  of  the  electron  in  ni/s. 
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It  is  related  to  electric  field  intensity  by  the  relation 

D     =    EgE,.  E 


...in  a  medium 
...in  free  space 


In  other  words,  the  product  of  electric  intensity  E  at  any  point  within  a  dielectric  medium  and 
the  absolute  permittivity  £  (=  Eg,  er)  at  the  same  point  is  called  the  displacement  at  that  point. 

Like  electric  intensity  E,  electric  displacement  D*  is  also  a  vector  quantity  (see  4.7)  whose 
direction  at  every  point  is  the  same  as  that  of  E  but  whose  magnitude  is  eD  er  times  E.  As  E  is 
represented  by  lines  of  force,  similarly  D  may  also  be  represented  by  lines  called  lines  of  electric 
displacement.  The  tangent  to  these  lines  al  any  point  gives  the  direction  of  D  at  that  point  and  the 
number  of  lines  per  unit  area  perpendicular  to  their  direction  is  numerically  equal  to  the  electric 
displacement  at  that  point.  Hence,  die  number  of  lines  of  electric  displacement  per  unit  area  (D)  is 
Eg,  Er  limes  the  number  of  lines  of  force  per  unit  area  at  that  point. 

It  should  be  noted  that  whereas  the  value  of  E  depends  on  the  permittivity  of  the  surrounding 
medium,  dial  of  D  is  independent  of  it. 

One  useful  property  of  D  is  that  its  surface  integral  over  any  closed  surface  equals  the  enclosed 
charge  (Art.  4.9). 

Let  us  find  the  value  of  D  at  a  point  distant  r  metres  from  a  point  charge  of  Q  coulombs.  Imag- 
ine a  sphere  of  radius  r  metres  surrounding  the  charge.  Total  flux  =  Q  coulombs  and  it  falls  normally 
on  a  surface  area  of  4  7t  r  metres.  Hence,  electric  flux  density. 

D  =     ***  ^  =  — coulomb/meire'  or  D  =  — ~r  =  r{ in  vector  notation ) 
4  Jt  r2     4  Jt  r"  4  n  r" 

4.9.    Gauss**  Law 

Consider  a  point  charge  Q  lying  at  the  centre  of  a  sphere  of  redius  r  which  surrounds  it  com- 
pletely [Fig.  4.1 1  (a)].  The  total  number  of  tubes  of  flux  originating  from  the  charge  is  Q  (but 
number  of  lines  of  force  is  Qlt^)  and  are  normal  to  the  surface  of  the  sphere.  The  electric  field  E 
which  equals  Q/4  jr.  g,,  r*  is  also  normal  to  the  surface.  As  said  earlier,  total  number  of  lines  of  force 
passing  perpendicularly  through  the  whole  surface  of  the  sphere  is 


Now,  suppose  we  draw  another  sphere  surrounding  the  charge  [Fig.  4.1 1  (b)}  but  whose  centre 
does  not  lie  at  the  charge  but  elsewhere.  In  this  case  also,  the  number  of  tubes  of  flux  emanating 

*      A  more  general  definition  Of  displacement  0  is  Lhal  D  ■  6,  e,  L '  +  P  where  P  is  the  polarisation  ol  ihe 

dielectric  and  is  equal  to  the  dipole  moment  per  unit  volume. 
**    Alter  ihe  German  Mathematician  and  astronomer  Karel  Frcidnch  Gauss  <  1777-1855) 


Fig.  4.11 
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from  the  charge  is  Q  and  lines  of  force  is  Q.e^  though  they  are  not  normal  to  the  surface.  These  can, 
however,  be  split  up  into  cos  9  components  and  sin  9  components.  If  we  add  up  sin  8  components  all 
over  the  surface,  they  will  be  equal  to  zero  .  But  if  add  up  cos  9  components  over  the  whole  surface 
of  the  sphere,  the  normal  flux  wdl  again  come  out  to  be  Q  (or  lines  of  force  will  come  out  to  be  Q/Eq). 
Hence,  it  shows  that  iaespective  of  where  the  charge  Q  is  placed  within  a  closed  surface  completely 
surrounding  it,  the  total  normal  flux  is  Q  and  the  total  number  of  lines  of  force  passing  out  normally 
is  Q/e„. 

In  fact,  as  shown  in  Fig.  4.12,  if  there  are  placed  charges  of  value  Q.,  (?,,  -  Q3  inside  a  closed 
surface,  the  total  i.e.  net  charge  enclosed  by  the  surface  is  (@,  +  Q2  -  £?,)/e0  through  the  closed 
surface. 

This  is  the  meaning  of  Gauss's  law  which  may  be  slated  thus :  the  surface  integral  of  the  normal 
component  of  the  electric  intensity  E  over  a  closed  surface  is  equal  to  l/en  times  the  total  charge 
inside  it. 

Mathematically.  ^  Ends  =  (where  the  circle  on  the  integral  sing  indicates  that  the  surface 
of  integration  is  a  closed  surface). 

=  a        jDn*  =  q  [■■  D„  =  eo£n] 

=  Q.  i.e.  <§Dcos&ds  =  Q 
=  Q,  i.e..    j>DdscosB  =  Q 

when  £  and  D  are  not  normal  to  the  surface  hut  make  an  angle  0  with  the  normal  (perpendicular) 
to  the  surface  as  shown  in  Fig.  4. 1 3. 

Proof,  in  Fig.  4.13.  let  a  surface  S  completely  surround  a  quantity  of  electricity  or  charge  Q. 
Consider  a  small  surface  area  da  subtending  a  small  solid  angle  da  at  point  charge  Q.  The  field 

intensity  at  ds  is  E  =   ^ — -  where  d  is  the  distance  between  Q  and  ds. 

4  jte(j  J" 

In  vector  rotation.  (j)El(  E.  ds  =  Q  />.  D  ds  =  Q  =  },  pdv  (where  p  is  the  volume  density  of 
charge  in  the  volume  enclosed  by  closed  surface  S). 

Thus  ^  x  D.ds  =  \,  p  dv  is  (he  vector  statement  of  Gauss  Law  and  its  alternative  statement  is  V  D  =  p 


or 


or 


(^e(l  E  cos  6  ds 


e,(  Eih  cos  0 


Fig.  4.12 

The  normal  component  of  the  intensity  En  =  £  cos  0 


Fig.  4.13 


This  results  from  the  application  of  the  Divergence  theorem,  also  called  the  Gauss'  Theorem,  viz. 
I  .  V  f)d  \j  =  |  D.  ds  where  vector  operator  called  "del"  is  defined  as 


r   a      a    ,  a 

dv       dv  dz 
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Now 


Now 


No,  of  lines  of  force  passing  normally  through  the  area  ds  is 

=  ErCds  =  Eds  cos  9  =  E. ds  in  vector  notation 

Q 


ds  cos  9  =  ds' 
ds'/d2  =  dm 


E.ds'  = 


Hence,  the  number  of  lines  of  force  passing  normally  is  = 


4  nt„  <r 
Q 


4JiEn 


.ds' 


dm 


Total  number  of  lines  of  force  over  the  whole  surface 


4ke, 


4  n  t\, 


where  sign  |  denotes  integration  around  the  whole  of  the  closed  surface  i.e.  surface  integral. 

If  the  surface  passes  through  a  material  medium,  then  the  above  law  can  be  generalized  to 
include  the  following  : 

the  surface  integral  of  the  normal  component  ofD  over  a  closed  surface  equals  the  free  charge 
enclosed  by  the  surface. 


The  normal  component  Dn  =  D  cos  6  = 


£>  x  ds  = 


As  before  D  = 

4  ft  ad 

Hence,  the  normal  electric  flux  from  area  ds  is 

_  Q 
4  nd 

=  Q 

An 

_  Q 


d  \|» 


cos  9  .  ds  = 


_  0 


Aftd" 


ds' 


x  cos  9 


d  u;  = 


dm 


or 


4*U2J 

which  proves  the  statement  made  above. 

Hence,  we  may  state  Gauss's  law  in  two  slightly  different  ways. 

(p  En  .ds   =  <^>  E  .  cos  9  .  ds  =  Q/£0  or  e0     En  .  ds  =  Q 

and         §}Dn  .ds   =  j> D„  .  ds  =  Q 
(vector  statement  is  given  above) 
4.10.  The  Equations  of  Pnisson  and  Laplace 

These  equations  are  useful  in  the  solution  of  many  problems  concerning  electrostatics  espe- 
cially the  problem  of  space  charge  present  in  an  electronic  valve.  The  two  equations  can  be  derived 
by  applying  Gauss's  theorem.  Consider  the  electric  field 
set  up  between  two  charged  plates  P  and  Q  [Tig.  4.14 
(fl)J.  Suppose  there  is  some  electric  charge  present  in 
the  space  between  the  two  plates.  It  is,  generally,  known 
as  the  space  charge.  Let  the  space  charge  density  be  p 
coulomb/metre^.  It  will  be  assumed  that  the  space  charge 
density  varies  from  one  point  of  space  the  another  but  is 
uniform  throughout  any  thin  layer  taken  parallel  to  the 
plats  P  and  Q.  If  X-axis  is  taken  perpendicular  to  the 
plates,  then  p  is  assumed  to  depend  on  the  value  of  x.  It 
will  be  seen  from  Fig.  4, 14  [a)  that  the  value  of  electric 
intensity  £  increase  with  x  because  of  the  space  charge. 


©- 


©- 


Fig.  4.14 


Such  a  space  charge  exists  in  the  space  between  the  cathode  and  anode  vt  a  vacuum  tube 
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Now,  consider  a  thin  volume  element  of  cross-section  A  and  thickness  A  *  as  shown  in 
Fig.  4.  J  4  (b).  The  values  of  electric  intensity  at  the  two  opposite  faces  of  this  element  are  E  and  (E 
+  A  E).  If  dE/dx  represents  the  rate  of  increase  of  electric  intensity  with  distance,  then 

AE  =  EJixAx  :,  E  +  AE  =  E  +  ~xAx 
ax  o  x 

The  surface  integral  of  electric  intensity  over  the  right-hand  face  of  this  element  is 

(      3  £  \ 
=    E  +  ~.Ax  A 

K       dx  ) 

The  surface  integral  over  the  left-hand  face  of  the  element  is  =  -  E  x  A 

The  negative  sign  represents  the  fact  that  E  is  directed  inwards  over  this  face. 

The  surface  integral  over  the  entire  surface,  i.e.,  the  closed  surface  of  the  element  is 

3  E        \  3  £ 

E  +  — —  .Ax  IA  —  E  X  A  =  A .  A  X ,  -= — .  From  symmetry  it  is  evident  thai  along  with  y  and 

I  there  is  no  field. 

Now,  according  to  Gauss's  theorem  f  Art.  4.9),  the  surface  integral  of  electric  intensity  over  a 

closed  surface  is  equal  to  I/Eq  time  the  charge  within  that  surface. 

Volume  of  the  element,  dV  =  A  x  A  x;  charge  =  p  A  .Ax 

d  E  ,    a      1  3  £  p 

A.Ajc.^; —   =  p/t.At.—    or      — =  — 

OX  En  O  X  En 


Now  e  -  -—  •  d  E-=^-(-^-)  =  -d  -  • 

dx      d  x     d  x  \    dx }       a  x2  a  x2  E„ 

It  is  known  as  Poisson's  equation  in  one  dimension  where  potential  varies  with  x. 

When  V  varies  with  x,  y  and    then         +  —      +  -— ^  =  -  -P-  =  V2V  in  vector  notation. 

3  x      3  y~     3  z  Eo 
If,  as  a  special  case,  where  space  charge  density  is  zero,  then  obviously. 

32  V/d  x2  =  0 

_2  -."> 

•           i       i       o  V  .  a  V  ,  3  V     _     nT  „    « .  .       .      „2 . 

In  general,  we  have   —  4  =-  -I   =  0  or  V  V  =  0  in  vector  notation  where  V  is 

3         3  y      3  i 
defined  (in  cartesian  co-ordinates)  as  the  operation 

32  V     3:  V  dzV 

v-  =  f  +  -  —  +  — 

3  x      3  y      3  z 
It  is  known  as  Laplace's  equation. 

4.11.  Electric  Potential  and  Energy 

We  know  that  a  body  raised  above  the  ground  level  has  a  certain  amount  of  mechanical  poten- 
tial energy  which,  by  definition,  is  given  by  the  amount  of  work  done  in  raising  it  to  that  height.  If, 
for  example,  a  body  of  5  kg  is  raised  against  gravity  through  10  m,  then  the  potential  energy  of  the 
body  is  5x10  =  50  m-kg.  wt.  =  50  x  9.8  =  490  joules.  The  body  falls  because  there  is  attraction  due 
to  gravity  and  always  proceeds  from  a  place  of  higher  potential  energy  to  one  of  lower  potential 
energy.  So,  we  speak  of  gravitational  potential  energy  or  briefly  'potential'  at  different  points  in  the 
earth's  gravitational  field. 

Now,  consider  an  electric  Held.  Imagine  an  isolated  positive  charge  Q  placed  in  air  (Fig.  4.15). 
Like  earth's  gravitational  field,  it  has  its  own  electrostatic  field  which  theoretically  extends  upto 
q  infinity.  If  the  charge  X  is  very  far  away  from  Q,  say.  at 

_A  CI,AJ^E     infinity,  then  force  on  it  is  practically  zero.  As  X  is  brought 

nearer  to  Q,  a  force  of  repulsion  acts  on  it  (as  similar  charges 
repel  each  other),  hence  work  or  energy  is  required  to  bring 
Fig.  4.15  it  to  a  point  like  A  in  the  electric  field.  Hence,  when  at 

point  A,  charge  X  has  some  amount  of  electric  potential 


H  — © 

X 
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energy.  Similar  other  points  in  the  field  will  also  have  some  potential  energy.  In  the  gravitational 
Geld,  usually  'sea  level*  is  chosen  as  the  place  of  'zero'  potential.  In  electric  field  infinity  is  chosen 
as  the  theoretical  place  of  'zero*  potential  although,  in  practice,  earth  is  chosen  as  'zero*  potential, 
because  earth  is  such  a  large  conductor  that  its  potential  remains  practically  constant  although  it 
keeps  on  losing  and  gaining  electric  charge  every  day. 

4.12.  Potential  and  Potential  Difference 

As  explained  above,  the  force  acting  on  a  charge  at  infinity  is  zero,  hence  'infinity"  is  chosen  as 
the  theoretical  place  of  zero  electric  potential.  Therefore,  potential  at  any  point  in  an  electric  field 
may  be  defined  as 

numerically  equal  to  the  work  done  in  bringing  a  positive  charge  of  one  coulomb  from  infinity 
to  that  point  against  the  electric  field. 

The  unit  of  this  potential  will  depend  on  the  unit  of  charge  taken  and  the  work  done. 

If,  in  shifting  one  coulomb  from  infinity  to  a  certain  point  in  the  electric  field,  the  work  done  is 
one  joule,  then  potential  of  that  ponit  is  one  volt. 

Obviously,  potential  is  work  per  unit  charge, 

I  volt  -     1  joule 
1  coulomb 

Similarly,  potential  difference  (p.d.)  of  one  volt  exists  between  two  points  if  one  joule  of  work 
is  done  in  shifting  a  charge  of  one  coulomb  from  one  point  to  the  other. 

4.13.  Potential  at  a  Point 

Consider  a  positive  point  charge  of  Q  coulombs  placed  in  air.  At  a  point  x  metres  from  il,  the 
force  on  one  coulomb  positive  charge  is  Q/4  Jte0.r'  (Fig.  4. 1 6).  Suppose,  this  one  coulomb  charge  is 
moved  towards  Q  through  a  small  distance  dx.  Then,  work  done  is  q 

o  n\        D    8  A 

dW  =  -2x(-dx)  [+)  1— — h 


4jue()r" 


Wdxm 


The  negative  sign  is  taken  because  dx  is  considered  along  die 
negative  direction  of  v.  Fig.  4.16 

The  total  work  done  in  bringing  this  coulomb  of  positive  charge  from  infinity  to  any  point  D 
which  is  d  metres  from  Q  is.  given  by 


4jtef!A- 

i!" 


dx 
2 


.  Q 

4jte 


o  [   d    (   °° ).    4REorf  j°UleS 


By  definition,  this  work  in  joules  in  numerically  equal  to  the  potential  of  that  point  in  volts. 

V  =  — =  9  x  109  %  volt  —in  air 

4jte0d  a 

and  V  =  4^  =  9X,°*  ltd  V0U  -in  medium 

We  lind  that  as  d  increases.  V  decreases  till  it  becomes  zero  at  infinity. 

4.14.  Potential  of  a  Charged  Conducting  Sphere 

The  above  formula  V  =  £?/4jt£0  zfd  applies  only  to  a  charge  concentrated  at  a  point.  The  prob- 
lem of  finding  potential  at  a  point  outside  a  charged  sphere  sounds  difficult,  because  the  charge  on 
the  sphere  is  distributed  over  its  entire  surface  and  so,  is  not  concentrated  at  a  point.  But  the  problem 
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is  easily  solved  by  nothing  that  the  lines  of  force  of  a  charged  sphere, 
like  A  in  by  noting  that  the  lines  of  force  of  a  charged  sphere,  like 
A  in  Fig.  4.17  spread  out  normally  from  its  surface.  If  produced 
backwards,  they  meet  at  the  centre  of  A.  Hence  for  finding  the 
potentials  at  points  outside  the  sphere,  we  can  imagine  the  charge 
on  the  sphere  as  concentrated  at  its  centre  O.  If  r  is  the  radius  of 
sphere  in  metres  and  Q  its  charge  in  coulomb  then,  potential  of  its 
surface  is  Q/4n  za  r  volt  and  electric  intensity  is  Q/4iveu  r.  Al  any 
other  ponit  VP  metres  from  the  centre  of  the  sphere,  the  corre- 
sponding values  are  Q/4n  Eq  d  and  QIAtue^  d~  respectively  with  d  > 
r  as  shown  in  Fig.  4.18  though  its  starting  points  is  coincident  with 
that  of  r.  The  variations  of  the  potential  and  electric  intensity  with 
distance  for  a  charged  sphere  are  shown  in  Fig.  4. 1 8. 


EQU I  POTENTIAL 
SURFACE 


Fig.  4.17 


4.15.  Equipotential  Surfaces 

An  equipotential  surface  is  a  surface  in  an  electric  field  such  that  all  points  on  it  are  at  the  same 
potential.  For  example,  different  spherical  surfaces  around  a  charged  sphere  are  equipotential  surfaces. 

One  important  property  of  an  equipotential  surface  is  that  the 
direction  of  the  electric  Field  strength  and  flux  density  is  always  at 
right  angles  lo  the  surface.  Also,  electric  flux  emerges  out  normal 
to  such  a  surface.  If,  it  is  not  so,  then  there  would  be  some 
component  of  E  along  the  surface  resulting  in  potential  difference 
between  various  points  lying  on  it  which  is  contrary  lo  the 
definition  of  an  equipotential  surface. 


-DISTANCE 


Fig.  4.18 


Fig.  4.19 


4.1(>.  Potential  and  Electric  Intensity  Inside  a  Conducting  Sphere 

It  has  been  experimentally  found  that  when  charge  is  given  to  a  conducting  body  say.  a  sphere 
then  it  resides  entirely  on  its  outer  surface  i.e.,  within  a  conducting  body  whether  hollow  or  solid,  the 
charge  is  zero.  Hence,  (i)  flux  is  zero  (if)  field  intensity  is  zero  (Hi)  all  points  within  the  conductor 
are  at  the  same  potential  as  at  its  surface  (Fig,  4. 1 9). 

Example  4.9.  Three  conc  entric  spheres  of  rtulii  4.  f>  and  S  cm  have  charges  of  +  8.-6  an, I  + 
4  \i  uC  respectively.  What  are  the  potentials  and  field  strengths  at  paints.  2.  5.  7  and  10  cm  from  tin- 
centre . 

Solution.  As  shown  in  Fig.  4.20,  let  the  three  spheres  be  marked  A,  B  and  C.  It  should  be 
remembered  that  (/)  the  field  intensity  outside  a  sphere  is  the  same  as  that  obtained  by  considering 
the  charge  at  its  centre  (if)  insidce  the  sphere,  the  field  strength  is  zero  (fa)  potential  anywhere  inside 
a  sphere  is  the  same  as  at  its  surface. 
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(j)  Consider  point ai  a  distance  of  2  cm  from  the  centre  O.  Since  it  is  inside  all  the  spheres, 
field  strength  at  this  point  is  zero. 
Potential  at 


=  9xl08 


8x  10" 


0.04 


d 

6x  10  1 
0.06 


4x10 


13  > 


0.08 


=1.35  V 


Hi)  Since  point  'b'  is  outside  sphere  /\  but  inside  B  and  C. 


Electrical  Hold  =  — ^  =9xl(f  * 


4Jie(lty" 

„  m9  8x10" 
9x10  x 


N/C 


=28.8  N/C 


Potential  at 


=  9x  I09x 


0.05' 
^8x10*" 


6  XlO"'2    4_x  10 
0.06  0.08 


0.05 


-12  >| 


Fig.  4.20 


=  0.99  V 


i/7/l  The  field  strength  at  point  V  distant  7  cm  from  centre  0 

-12     ^  . 

=  9x10  x 


Potential  jt 


9x  10  x 


Sx  10" 


0.07- 
8  x  10" 


6x  10 

0.07] 


3.67  N/C 


_  6x  10" 
0.07  '  0.07 

(ft  )  Field  strength  at 'd'  distant  10  cm  from  point  O  is 

8x10"'-  6x10" 


t2 


=  9x10  x 


Potential  at    \l'  =  9  x  10  x 


0.1* 

8x  10 
_"0.l 


-12 


0.r 

6x10 
0.1 


-12 


4x  10" 
0.08 


4xl0"12 

0.1* 
4x10"'^ 

o.i 


=0.71  V 


=5.4  N/C 


=0.54  V 


Example  4.10.  Two  positive  point  charges  of  12  x  JO  10  C  and  and  8  x  10  "'  C  are  plan  J 
10  cm  apart.  Find  the  work  done  in  bringing  the  two  charges  4  an  closer. 

Solution.  .Suppose  the  12  x  10     C  charge  to  be  fixed.  Now.  the  potential  of  a  point  10  cm 


from  this  churse 


9x  10 


4  12  x  10 


in 


0.1 


=  108  V 


The  potential  of  a  point  distant  6  cm  from  it 


.'.  potential  difference 
Work  done 


„  m4  12x10 
=  9  x  10  x 

0.06 

=  180-  108  =  72  V 


-to 


=  180  V 


=  charge  x  p.d.  =  8  x  10     x  72  =5.76  x  10  joule 


Example  4.1 1.  A  point  charge  of  10'  C  is  placed  at  a  point  A  in  free  space.  Calculate  : 
<i)  the  intensity  of  electrostatic  field  on  the  surface  of  sphere  of  radius  5  cm  and  centre  A. 
(i/l  the  different  c  of  potential  between  two  points  20  cm  and  ID  cm  away  from  the  charge  at  A. 

(Elements  of  Elect-I,  Banglere  Univ.  1987 1 

Solution,  to  E  =  2/4nr;(|r2=  I0~g/4JE  x  8.854  x  I0H1x(5x  I0"T=-VW!  V/m 

lul  Potential  at  first  point  -  ^71^1 

Potential  of  second  point  =  10""/4ti  x  8.854  x  10" 

p.d.  between  two  points  =  90  -  45  =45  V 


=  Q/4ttE0d  =  10  q/4rt  x  8.854  x  10  12  x  0.2  =  45  V 
:  x  0.  i  =  90  V 


Electrostatics 


195 


4.17.  Potential  Gradient 

h  is  defined  as  the  rate  of  change  of  potential  with  distance  in  the  direction  of  electric  force 


Its  unit  is.  volt/metre  although  voli/cm  is  generally  used  in  practice.  Suppose  in  an  electric  field 
of  strength  E.  there  are  two  points  dx  metre  apart.  The  p.d.  between  ihem  is 


The  —we  Sign  indicates  that  the  electric  field  is  directed  outward,  while  the  potential  increases 
inward. 

Hence,  it  means  thai  electrU  intensity  at  a  point  is  equal  to  the  negative  potential  gradient  at 
that  point. 

4.18.  Breakdown  Voltage  and  Dielectric  Strength 

An  insulator  or  dielectric  is  a  substance  within  which  there  are  no  mobile  electrons  necessary 
for  electric  conduction.  However,  when  the  voltage  applied  to  such  an  insulator  exceeds  a  certain 
\alue,  then  it  breaks  down  and  allows  a  heavy  electric  current  (much  largei  than  the  usual  leakage 
current  i  to  How  through  it.  If  ihe  insulator  is  a  solid  medium,  it  gets  punctured  or  cracked 

The  disruptive  or  breakdown  voltage  of  an  insulator  is  the  minimum  voltage  required  to  break  it 
down.* 

Dielectric  strength  of  an  insulator  or  dielectric  medium  is  gi\en  by  the  maximum  potential 
difference  which  a  unit  thickness  of  the  medium  i  an  withstand  without  breaking  down. 

In  other  words,  the  dielectric  strength  is  gi\en  by  the  potential  gradient  necessary  to  cause 
breakdown  of  an  insulator.  Its  unit  is  volt/metre  (V/m)  although  it  is  usually  expressed  in  kV/mm. 

hoi  example,  when  we  say  that  the  dielectric  strength  of  air  is  3  kV/mm.  then  it  means  thai  the 
maximum  p.d.  which  one  mm  thickness  of  air  can  withstand  across  it  without  breaking  down  is  3  kV 
or  3000  volts.  If  the  p.d  exceeds  this  value,  then  air  insulation  breaks  down  allowing  large  electric 
current  to  pass  through. 

Dielectric  strength  of  various  insulating  materials  is  very  important  factor  in  the  design  of  high 
voltage  geneiators.  motors  and  transformers.  Its  \alue  depends  on  the  thickness  of  the  insulator, 
temperature,  moisture,  content,  shape  and  several  other  factors. 

For  example  doubling  the  thickness  of  insulation  does  not  double  the  safe  working  voltage  in  a 
machine.** 

Note.  It  is  obv  ious  that  the  electric  intensity  F.  potential  gradient  and  dielectric  strength  are  dimensi<uially 
equal.  • 

4.1V.  Safety  Factor  of  a  Dielectric 

Ii  is  given  by  the  ratio  of  the  dielectric  strength  of  the  insulator  and  the  electric  field  intensity 
established  in  it.  If  we  represent  die  dielectric  strength  by  EM  and  the  actual  field  intensity  by  E.  then 
safely  lactor  k  =  E^IE 

For  example,  for  air  EM  =  3  x  I06  V/m.  If  we  establish  a  field  intensity  of  3  x  10*  V/m  jit  it, 
then.  1* 3  x  10h/3x  it)- =  10. 

*      Flashover  is  the  disruptive  discharge  which  taken  places  over  the  surface  of  an  insulator  and  occurs  when 

the  air  surrounding  it  breaks  duwn    Disruptive  conduction  is  luminous. 
'  '    I  he  relation  between  the  breakdown  voltage  V  ami  the  thickness  of  the  dielectric  is  given  approximately 

by  the  relation  V  =  Ar" 

where  .-1  is  a  constant  depending  un  the  natutc  of  the  medium  and  also  on  the  thickness  /.  The  above 
statement  is  known  .is  Baur's  law, 


i  < 


11L 

dx 


=  E .  (— dx)  =  —  E  .  dx 


...® 


Electrical  Technology 


4.2(1.  Boundary  I ondilions 


There  are  discontinuities  in  electric  fields  at  the  boundaries  between  conductors  and  dielectrics 
of  different  permittivities.  The  relationships  existing  between  the  electric  field  strengths  and  flux 
densities  at  the  boundary  are  called  the  boundary  conditions. 

With  reference  to  Fig.  4.21,  first  boundary  conditions  is  that  the  normal  component  of  flux 
density  is  continuous  across  a  surface. 

As  shown,  the  electric  flux  approaches  the  boundary  BB  at 
an  angle  9,  and  leaves  it  at  8,.  D]n  and  D-^  are  the  normal 
components  of  D,  and  D-,.  According  to  first  boundary  condi- 


tion. 


..(0 


The  second  boundary  condition  is  that  the  tangential  field 


strength  is  continuous  across  the  boundary 


I 


F 

—  Ejj 

.Mi) 

In  Fig.  4.2 

1 ,  we  see  that 

£>)n  =  D,  cos  8, 

and 

D2  cos  82 

Also 

£,  =  D/e, 

and 

D,  sin  9,/E, 

Similarly, 

E2  =  DVe, 

and 

D;  sin  8,/Et 

and 

Ejt        tan  8, 

tan  8, 

Since 

0|„  =  o2„ 

and 

£.1 

tan  8 


tan  8, 


£5 


This  gives  the  lav.  of  electric  flux  refraction  at  a  boundary. 
It  is  seen  that  if  e,  >      6,  >  8,. 

TABLE  NO.  4.1 
Dielectric  Constant  and  Strength 

(♦indicates  average  value) 


Insulating  material 

Dielectric  constant  or  relative 

Dielectric  Strength  in 

permittivity  (er) 

kV/mm 

All 

1.0006 

3.2 

Asbestos* 

2 

2 

Bakelite 

5 

15 

Epoxy 

3.3 

20 

Glass 

5-12 

12-100 

Marble* 

7 

2 

Mica 

4-8 

'  20-200 

Micanite 

4-5-6 

25-35 

Mineral  Oil 

2.2 

10 

Mylar 

3 

400 

Nylon 

4.1 

16 

Paper 

1.8-2.6 

18 

Paraffin  wax 

1.7-2.3 

30 

Polyethylene 

2.3 

40 

Polyurethane 

3.6 

35 

Porcelain 

5-6.7 

15 

PVC 

3.7 

50 

Quartz 

4.5-4.7 

8 

Rubber 

2.5-4 

12-20 

Teflon 

2 

20 

Vacuum 

1 

infinity 

Wood 

2.5-7 
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Example  4. 1 2.  Find  the  radius  of  an  isolated  sphere  capable  i>!  being  charged  to  I  million  volt 
potential  before  sparking  into  the  air,  given  that  breakdown  voltage  of  air  is  30,000  V/cm. 

Solution.  Let  r  metres  be  the  radius  of  the  spheres,  then 

V  =  =  io6  V  ...(/) 

4it£0r 

Breakdown  voltage  •    =  30,000  V/cm  =  3  x  106  V/m 

Since  electric  intensity  equals  breakdown  voltage 

E  =  — ^  =  3x10*  V/m  ...<«) 
4TO0r 

Dividing  (i)  by  (it),  we  get    r  m  1/3  =  0.33  metre 

Example  4.13.  A  parallel  plate  capacitor  having  waxes  paper  as  the  insulator  has  a  capaci- 
tance o)  3X00  pF.  operating  voltage  of  600  V  and  safety  factor  of  2.5.  The  waxed  paper  has  a 
relative  permittivity  of  4.3  and  breakdown  voltage  of  15  x  l&  V/m.  Find  the  spacing  d  between  the 
two  plates  of  the  capacitor  and  the  plate  area. 

Solution.  Breakdown  voltage  VM  =  operating  voltage  x  safety  factor  =  600  x  2.5  =  1500  V 

VM  =  dxEM      or  d  =  1500/15  x  106  =  10"4  m  =  0.1  mm 

C  =  et)ErA/d      or  A  a  OM^S,*  3800  x  IO"9  x  10^/8.854  x  10" 12  x4.3  =  0.01  m2 

Example  4.14.  Two  brass  plates  are  arranged  horizontally,  one  2  cm  above  the  other  and  the 

lower  plate  is  earthed.  The  plates  are  charged  to  a  difference  of  potential  of 6.000  volts.  A  drop  of 

/v  .... 

oil  with  an  electric  charge  of  1.6  x  10  C  is  in  equilibrium  between  the  plates  so  that  it  neither  rises 
nor  falls.  Wliat  is  the  mass  o  f  the  drop  t 

Solution.  The  electric  intensity  is  equal  to  the  potential  gradient  between  the  plates. 

g  =  6.000/2  =  3,000  volt/cm  =  3  x  10s  V/m 
E  =  3  x  105  V/m    or  N/C 
force  on  drop  =  E  x  Q  =  3  x  105  x  1.6  x  10-19  =  4.8  x  10"14  N 
Wl.  of  drop  -  mg  newton 

mx9.81  =4.8xl0"14    ;.    m  =  4.89  x  10~15  kg 

Example  4. 15.  A  parallel-plate  capacitor  has  plates  0. 15  mm  apart  and  dielectric  with  relative 
permittivity  of  3.  Find  the  electric  field  intensity  and  the  voltage  between  plates  if  the  surface  charge 
is5x  I0~*  pC/cm2.  (Electrical  Engineering,  Calcutta  Univ.  1988 1 

Solution.  The  electric  intensity  between  the  plates  is  , 

E  =  —  volt/metre;  Now,  a  =  5  x  10~*  u  C/cm2  =  5  x  I0-6  C/m2 


E  =  —=   5x10  „  =  188,000  V/m ^188  kV/ht 


Since,  charge  density  equals  flux  density 

D 

8.854  x  IO  "  x  3 

Now  potential  difference  V  =  Exdx=  188,000  x  (0.15  x  Iff"3)  =  2.82  V 
Example  4. 16.  A  parallel-plate  capacitor  consists  of  two  square  metal  plates  500  mm  on  a  side 
separated  by  10  mm.  A  stab  of  Teflon  |Er  =  2.0)  6  mm  thick  is  placed  on  the  lower  plate  leaving  an 
air  gap  4  mm  thick  between  it  and  the  upper  plate.  If  100  V  is  applied  across  the  capacitor,  find  the 
electric  field  ( L0)  in  the  air.  electrit  field  El  in  T ejlon,  flux  density  l)u  in  air.  flux  density  Dt  in  Teflon 
and  potential  difference  V  across  Teflon  slab.  (Circuit  and  Field  Theory,  A.M. I.E.  Sec  B,  19951 

e0A,  8.854  x  IP'12  x  (0.5)2       ,  ,  -m 

Solution.  C  =  -rr~,   ,  .  =  ;  ■ — ; — =3.10X10  r 

W,  / e,,  +  </,  /er2)     (6  x  10"72)  +  (4  x  IO"3/lJ 
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Q  =  CV'=3.16x  10  10  x  100  =  31.6  x  10  9C 
D  =  Q/A  =  ?l.6x  \0'9/(0.5r  =  1.265  x  10"7C/m2 
The  charge  or  flux  density  will  be  the  same  in  both  media  i.e.  Da  =  D(  =  D 
In  aii,  £0  =  £>/£„  =  1.265  x  10~78.854  x  10"1:=  14,280  V/m 

In  Tenon,  £,  =  Dlz^  Er  =  14,280/2  =  7.140  V/m 


V,  =  £,x  tf,=  7,140x6x  10   =  42.8  V 

Example  4. 1 7.  Ctilt  ulate  the  dielectric  flits  in  micro-coulombs  between  two  parallel  plates 
each  15  cm  square  with  an  air  gap  of  13  mmm  between  them,  the  p.d.  being  3.000  V.  A  .sheet 
of  insulating  material  I  mm  thick  is  inserted  between  the  plates,  the  permittivity  of  the  insulat- 
ing material  being  (>.  Find  nut  the  potential  gradient  in  the  insulating  material  and  also  in  air 
if  the  voltage  across  the  plates  is  raised  to  7.500  V.         (Elect.  Engg.-E  Nagpur  Univ.  1993) 

Solution.  The  capacitance  of  the  two  parallel  plates  is 

C  =  z{l€rA/d    Now.  e,  =  1  — for  air 


A  =  35  x  35  x  10   =  1,225  x  10    m';  d=  1.5  x  10"-m 


C  = 


8.854  x  10  12  x  1.225  x  10" 

^-3 


F=  7.22  x  10 


-16 


0.5 

W  »!■  I  mm 

I  mm  i 


1,5x10 

lu  x  3,000  coulomb 

10, 


Charge    Q  =  CV=7.22  x  10 
Dielectric  flux  =  7.22  x  3,000  x  10  '"C 

=  2.166  x  10^0=  2.166  uC 
With  reference  to  Fig.  4.23.  we  have 

Vx  =  E,  x,  -  0.5  x  I0"3  £,  :  V2  =  10"'  £, 
Now       V  =  \\  +  V, 
.-.      7.500  ss  0.5  x  |0"SE|  +  10*  E, 
or  £,  +  2  E2  =  15  x  Iff 

Also       D  =  Ej, £r [Ei=£ijEr  £-,     .-.    £j  =  6£z 


..(I) 
Aii) 


Fig.  4.22 


From  (0  and  07).  we  obtain  £,  =  11.25  X  106  V/m;  £2  =  1.875  x  10  V/m 

Example  4.18.  An  electric  jield  in  a  medium  with  relative  permittivity  of  7  passes  into  a 
medium  of  relative  permittivity  2.  If  E  makes  an  angle  of  60"  with  the  normal  to  the  houndarv 
in  the  first  dielectric,  what  angle  does  the  field  make  with  the  normal  in  the  second  dielectric  '.' 

(Elect.  Engg.  Nagpur  I  nh.  IWIi 


Solution.  As  seen  from  Art.  4.19. 


tan  0, 
tan  0t 


; 1 

E-, 


01 


tan  60° 
tan  6^ 


tan 


8,  =  >/3  x  2/7  =  4.95  or  9,  =  26a2l>' 


Example  4.19.  Two  parallel  sheets  of  glass  having  a  uniform  air  gap  between  their  inner 
surfaces  are  sealed  around  their  edges  (rig.  4.2i).  They  are  immersed  in  oil  having  a  relative 
permittivity  of  6  and  are  mounted  vertically.  The  glass  has  a  relative  permittivity  of  J.  Calculate  the 
values  of  electric  field  strength  in  the  glass  and  the  air  when  that  in  the  oil  is  1.2  kV/m.  The  Held 
enters  the  glass  at  60°  to  the  horizontal. 

Solution.   Using  the  law  of  electric  flux  refraction,  we  get  (Fig.  4.23). 
tan  Qj/tan  6,  =  1%/e,  =  e„  tr2/%  e,,  =  (£rZtzrS) 
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tan  8,  =  {6/3)ian60° 

=  2  x  1.732  =  3.464; 
9,  =  73.9° 

Similarly 

tan  9,  ■  (ef,/er2)  tan  6,=  (1/6)  tan  73.9° 

=    0.577;  ,'.    9,  =  30° 
As  shown  in  Art.  4.20. 


0 


\„ 


Df   or  D.  cos.  9,  =  £>,  cos  6, 


OIL 

AIR 

OIL 

0I=60C\ 

t 

© 

O 

© 

\ 

G 

Fig.  4.23 


D-,  =  D,  x  cos  9 1 /cos  9,  or  £,,£r-,  £-, 
=  e,jEr|  £,  x  cos  0j/cos  82 
.-.  6£j  =  3  x  [  .2  x  10!  x  cos  607cos  73.9° 
.■.     £,  =  1082  V/m 
Now,  E,j  er3  £,  cos  93  =  Eg  er-,  £,  cos  9-, 

£  |  =  £,  (S^e^)  x  (cos  9,/cos  9,) 
=  1082  (fVI  |  (cos  73.9<7cos  30°)  =  2079V/m 

Tutorial  Problems  No.  4.) 

1.  Two  parallel  metal  plates  of  large  area  are  spaced  tit  a  distance  of  I  cm  from  each  other  in  air  and  a 
p.d.  of  5,000  V  is  maintained  between  them.  If  a  sheet  of  glass  0.5  cm  thick  ^jid  having  .i  relative 
permittivity  of  6  is  introduced  between  the  plates,  what  will  be  the  maximum  electric  stress  and  where 
will  it  occur  ?  |8-57  kV/cm:  in  air] 

2.  A  capacitor,  formed  by  two  parallel  plates  of  large  area,  spaced  2  em  apart  in  air.  is  connected  to  u 
I  U.000  V  tie.  supply.  Calculate  the  electric  stress  in  the  air  when  a  flat  sheet  of  glass  of  thickness  1 .5 
cm  and  relative  permittivity  7  is  introduced  between  the  plates.  1 1.4  x  10K  Win) 

3.  A  capacitor  is  made  up  of  tw  o  parallel  circular  metal  discs  separated  by  three  layers  of  dielectric  of 
equal  thickness  but  having  relative  permittivities  of  3,  4  and  5  respectively.  The  diameter  of  each 
disc  is  25.4  cm  and  the  distance  between  them  is  6  cm.  Calculate  the  potential  gradient  in  each 
dielectric  when  a  p.d.  of  1.500  V  is  applied  between  the  discs.  1319.2;  239.4:  191.5  k\/m| 

4.  A  capacitor,  formed  by  two  parallel  plates  of  large  jrep.  spaced  2  cm  apart  in  air,  is  connected  to  j 
1 0.000  V  d.c.  supply.  Calculate  the  electric  stress  in  the  air  when  a  Hat  sheet  of  glass  of  thickness  0.5 
cm  and  relative  permittivity  5  Is  introduced  between  the  plates.  [0.625  x  Id4  \7m] 

5.  The  capacitance  of  a  capacitor  formed  by  two  parallel  metal  plates,  each  having  an  effective  mm  lace 
area  of  50  cm  and  separated  by  a  dielectric  1  mm  thick,  is  0.0001  uF.  The  plates  are  charged  to  a  p  d. 
of  200  V.  Calculate  (u)  the  charge  stored  lk\  the  electric  flux  density  (e)  thcrelative  permittiviiv  of 
the  dielectric.  [(a>  0.02  uC  yb)  4  fiC7m:  (c)  2.26| 

6.  A  capacitor  is  constructed  from  two  parallel  metallic  circular  plates  separated  by  three  layers  of 
dieleciric  each  0  5  cm  thick  and  having  relative  permittivity  of  4.  6  and  8  respectively.  It  the  metal 
discs  are  15  25  cm  in  diameter,  calculate  the  potential  gradient  in  each  dielectric  when  the  applied 
voltage  is  1,000  volts.  (Elect.  Engg.-I  Delhi  Univ.  19781 

7.  A  point  electric  charge  of  S  uC  is  kept  at  a  distance  of  1  metre  from  another  point  charge  of  -  A  pC  in 
free  space.  Determine  the  location  of  a  point  along  ihe  line  joining  two  charges  where  in  ihe  electric 
field  intensity  is  zero.  lEIcct.  Engineering,  Kerala  Univ.  19Hh 


I.  The  unit  of  absolute  permittivity  of  a  medium  is 
(a  I  joule/coulomb  i/»i  newton-tnetre 
ic)    fanid/metere  ii/l  farad/coulomb 
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2 


It  relative  permittivity  of  mica  is  5.  Us  abso- 
lute permittivity  is 

(a)  5t-„  O)  5/e,, 


If  I  E,/5 


Id)  8.854  *  10" 


200 


Electrical  Technology 


3.  Two  similar  electric  charges  of  1  C  each  are 
placed  I  m  part  in  air.  Force  of  repulsion 
between  them  would  be  nearly  newton 

(a)   1  (ft)  9  x  109 

(c)  4  Jt  (d)  8.854  x  I0"11 

4.  Electric  flux  emanating  from  an  electric 
charge  of  +  Q  coulomb  is 

(*)  QIZq  (ft)  Qltr 

(c)   Q/EoE,  id)  Q 

5.  The  unit  of  electric  intensity  is 
(a)  joule/coulomb 

lb)  newton/coulomb 

(c)  volt/metre 

(d)  both  (ft)  and  (c) 

6.  If  D  is  the  electric  flux  density,  then  value  of 
electric  intensify  in  air  is 

la)  D/Eo  (*)  fcM%E, 

(C)    dV/dt  id)  Q/tA 

7.  For  any  medium,  electric  flux  density  D  is 
related  to  electric  intensity  E  by  the  equation 
(a)  D  =  e0£  lb)  D  =  t^rE 
(c)  £  =  (rf)  D  =  evE/tr 

K.   [aside  a  conducting  sphere, ...remains  constant 
(a)  electric  flux 
(ft)  electric  intensity 


(c)  charge 
Id)  potential 

The  SI  unit  of  electric  intensity  is 

{a)   N/m  (ft)  V/m 

(c)   N/C  (d)  either  (ft)  or  (c) 

in.   According  to  Gauss's  theorem,  the  surface 
integral  of  the  normal  component  of  elec- 
tric flux  density  D  over  a  closed  surface  con- 
taining charge  Q  is 
(a)  Q  (ft)  Q/E() 

(c)  £,,0  (d)  Q2/Zu 

It.    Which  of  the  following  is  zero  inside  a 
charged  conducting  sphere  ? 
(a)  potential 
(ft)  electric  intensity 

(c)  both  (a)  and  (ft) 

(d)  both  (b)  and  (c) 

12.    In  practice,  earth  is  chosen  as  a  place  of  zero 
electric  potential  because  it 
in)    is  non-conducting 
(ft)  is  easily  available 

(c)  keeps  lossing  and  gaining  electric  charge 
every  day 

(d)  has  almost  constant  potential. 


i 
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CAPACITANCE 


+ 


B 


Fig.  5.1 


5.1,  Capacitor 

A  capacitor  essentially  consists  of  two  conducting  surfaces  separate4  by  a  layer  of  an  insulating 
medium  called  dielectric.  The  conducting  surfaces  may  be  in  the  form  of  either  circular  (or  rectangular) 
plates  or  be  of  spherical  or  cylindrical  shape.  The  purpose  of  a  capacitor 
is  to  store  electrical  energy  by  electrostatic  stress  in  the  dielectric  (the 
word  'condenser'  is  a  misnomer  since  a  capacitor  does  not  'condense' 
electricity  as  such,  it  merely  stores  it). 

A  parallel-plate  capacitor  is  shown  in  Fig.  5.1.  One  plate  is  joined  to 
the  positive  end  of  the  supply  and  the  other  to  the  negative  end  or  is 
earthed.  Il  is  experimentally  found  that  in  the  presence  of  an  earthed 
plate  B.  plate  A  is  capable  of  withholding  more  charge  than  when  B  is  not 
there.  When  such  a  capacitor  is  put  across  a  battery,  there  is  a  momentary 
flow  of  electrons  from  A  to  B.  As  negatively-charged  electrons  are 
withdrawn  from  A,  it  becomes  positive  and  as  these  electrons  collect  on 
B,  it  becomes  negative.  Hence,  a  p.d.  is  established  between  plates  A  and 
B.  The  transient  flow  of  electrons  gives  rise  to  charging  current.  The 
strength  of  the  charging  current  is  maximum  when  the  two  plates  are 
uncharged  bin  it  then  decreases  and  finally  ceases  when  p.d.  across  the 
plates  becomes  slowly  and  slowly  equal  and  opposite  to  the  battery  e.m.f. 

5.2.  Capacitance 

The  property  of  a  capacitor  to  'store  electricity'  may  be  called  its  capacitance. 

As  we  may  measure  the  capacity  of  a  tank,  not  by  the  total  mass  or  volume  of  water  ii  can  hold, 
but  by  the  mass  in  kg  of  water  required  to  raise  its  level  by  one  metre,  similarly,  the  capacitance  of  a 
capacitor  is  defined  as  l'the  amount  of  charge  required  to  create  a  unit  p.d.  befa'een  its  plates." 

Suppose  we  give  Q  coulomb  of  charge  to  one  of  the  two  plate  of  capacitor  and  if  a  p.d.  of  V  volts 
is  established  between  the  two,  then  its  capacitance  is 

c  _  Q  _  charge 

V     potential  diffemce 

Hence,  capacitance  is  the  charge  required  per  unit  potential  difference. 

By  definition,  the  unit  of  capacitance  is  coulomb/volt  which  is  also  called  farad  (in  honour  of 
Michael  Faraday) 

1  farad  =  I  coulomb/volt 
One  farad  is  defined  as  the  capacitance  of  a  capacitor  which  requires  a  charge  of  one  coulomb 
to  establish  a  p.d.  of  one  volt  between  its  plates. 

One  farad  is  actually  too  large  for  practical  purposes.  Hence,  much  smaller  units  like  microfarad 
(p.F),  nanofarad  (nF)  and  micro-microfarad  (jipFi  or  picofarad  (pF)  are  generally  employed, 

1  jiF  =  10""  F;  1  nF  =  L0"*F  ;  piuF    or    pF  =  10"' ¥ 
Incidentally,  capacitance  is  that  property  of  a  capacitor  which  dejays  and  change  of  voltage 
across  it. 
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S3.    Capacitance  of  an  Isolated  Sphere 

Consider  u  charged  sphere  of  radius  r  metres  having  a  charge  of  Q  coulomb  placed  in  a  medium 
of  relative  permittivity  E,  as  shown  in  Fig.  5.2. 

It  has  been  proved  in  Art  4. 1 3  that  the  free  surface  potential  V 
of  such  a  sphere  with  respect  to  infinity  (in  practice,  earth)  is  given  by 


V  = 


4tce0e, 


Q  - 


=  4ne0Err 


Q/V  =  capacitance  C 
=  4  it  Eq  Er  r  F 
=  4ne0rF 


Fig.  5.2 


By  definition. 

-  in  a  medium 

-  in  air 

Note  :  -It  is  sometimes  fell  surprising  that  an  isolated  sphere  can  act  as 
a  capacitor  because,  at  firs!  sight,  it  appears  to  have  one  plate  only.  The  question  arises  as  to  which  is  the 
second  surface.  But  if  we  remember  that  the  surface  potential  Vis  with  reference  to  infinity  (actually  earth)  then 
it  is  obvious  that  the  other  surf  ace  is  earth.  The  capacitance  4  7t  e()  r  exists  between  the  surface  of  the  sphere  and 
earth 

5.4.  Spherical  Capacitor 

(ol  When  outer  sphere  is  earthed 

Consider  a  spherical  capacitor  consisting  of  two  concentric  spheres  of  radii  V  and  meires  as 
shown  in  Fig.  5.3.  Suppose,  the  inner  sphere  is  given  a  charge  of  +  Q 
coulombs.  It  will  induce  a  charge  of  -  Q  coulombs  on  the  inner  surfaces 
which  will  go  to  earth.  If  ihe  dielectric  medium  between  the  two  spheres 
has  a  relative  permittivity  of  e^,  then  the  free  surface  potential  of  the 
inner  sphere  due  to  its  own  charge  £>/4  Tt  Eg  e,.  a  volts.  The  potential  or 
the  inner  sphere  due  to  -  Q  charge  on  the  outer  sphere  is  -  <2/4  tu  E^  Er  b 
(remembering  (hat  potential  anywhere  inside  a  sphere  is  the  same  as 
that  its  surface). 

Total  potential  difference  between  two  surfaces  is 


Fig.  5.3 


V  = 


471  £„  Er  a 


4ne„  e,  b 


Q 

4jue0  e. 


Q 

V 


4it  E0  Er  ab 


Er  \a    b)  4tt 

C  =  4TCE0£r 


:e0  £r 


ab 
A -ii 


Fig.  5.4 


h-a 

(bi  When  inner  sphere  is  earthed 

Such  a  capacitor  is  shown  in  Fig.  5.4.  If  a  charge  of  +  Q  coulombs  is  given  to  the  outer  sphere 
A.  it  will  distribute  itself  over  both  its  inner  and  outer  surfaces.  Some  charge  Q1  coulomb  will 
remain  on  die  outer  surface  of  A  because  it  is  surrounded  by  earth  all  around.  Also,  some  charge 
+  Q,  coulombs  will  shift  to  its  inner  side  because  there  is  an  earthed  sphere  B  inside  -4. 

Obviously,  Q  =  Qt  +  Q: 

The  inner  charge  +  Qi  coulomb  on  A  induces  —  Qx  coulomb  on  B  but  the  other  induced  charge 
of  +  Q\  coulomb  goes  to  earth. 

Now.  there  are  two  capacitors  connected  in  parallel  : 

[i)  One  capacitor  consists  of  the  inner  surface  of  A  and  the  outer  surface  of  B.  Its  capacitance, 
as  found  earlier, 

ah 


C,  =  4  7tEtlEr 


b  -  a 


(it)  The  second  capacitor  consists  of  outer  surfaces  of  B  and  earth.  Its  capacitance  is  C,  =  4  7t 
£,!  b  -  if  surrounding  medium  is  air.  Total  capacitance  C  =  C,  +  C2. 


(  a  pa titanic 


1(11 


5.5.    Parallel-plate  Capacitor 

(0  Uniform  Dielectric-Medium 

A  parallel-plate  capacitor  consisting  of  two  plates  M  and  N  each  of  area  A  m2  separated  by  a 
thickness  J  metres  of  a  medium  of  relative  permittivity  E;  is  shown  in  Fig.  5.5.  If  a  charge  of  +  Q 

coulomb  is  given  to  plate  M,  then  flux  passing  through  the  medium  is 
X?  =  Q  coulomb.  Flux  density  in  the  medium  is 

D  .  f  =  £ 
A  A 

Vtd   and    D  =  t  E 


Electric  intensity  E 
Q 

A 


or 


d 


,1 

4 


farad 


e/1 


farad 


-  in  a  medium  ...U) 


with  air  as  medium 


in  i  Medium  Partly  Air 

As  shown  in  Fig.  5.6.  the  medium  consists  partly  of  air  and  partly  of  parallel-sided  dielectric 
slab  of  thickness  /  and  relative  permittivity  er.  The  electric  flux  density 
D=QIA  is  the  same  in  both  media.  But  electric  intensities  are  different. 

D 


E,  = 


£,  =  — 


_D 

p.d.  between  plates.      V  =  E,  .  i  +  E-,  (d  —  t) 


in  the  medium 


in  air 


D 


e„  .4 


[rf-(/-</e,)l 


d 

Fig.  5.6 


in 


e 

V 


or    C  = 


ry-(/-//e,)j  [(/-(/-//Er>i 

If  the  medium  were  totally  air.  then  capacitance  would  have  been 


.(il) 


C  = 


Eq  Aid 


From  (if*)  and  (/»).  it  is  obvious  that  when  a  dielectric  slab  of  thickness  /  and  relative  permittivity 
Er  is  introduces  between  the  plates  of  an  air  capacitor,  then  its  capacitance  increase  because  as  seen 
from  (//).  the  denominator  decreases.  The  distance  between  the  plates  is  effectively  reduces  by 
(/  —  i/£r).  To  bring  the  capacitance  hack  to  its  original  value,  the  capacitor  plates  will  have  to  be 
further  separated  by  that  much  distance  in  air.  Hence,  the  new  separation  between  the  two  plates 
would  be  =  [d+{t-t  I  er>] 


The  expression  given  in  li)  above  can  be  written  as  C 


If  the  space  between  the  plates  is  filled  with  slabs  of  different  thickness  and  relative  permittivities, 
then  the  above  expression  can  be  generalized  into  C  = 


EUA 


Zdlt! 

The  capacitance  of  the  capacitor  shown  in  Fig.  5.7  can  be  written  as 


2M 
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C  = 


H      ^rl  *V3 

(Hi)  Composite  Medium 

The  above  expression  may  be  derived  independently  as  given  under : 

If  V  is  the  total  potential  difference  across  the  capacitor  plates  and  Vp  V2,  Vy  the  potential 
differences  across  the  three  dielectric  slabs,  then 

V  =  V,  +  V2  +  V,  =  £,/ ,  +  E2t2  +  £3/3 

D  D     .   .  D 


£0  Er 


■U  + 


E0  Er2 


£0  Er3 


£0  {Er\      £r2      £rl  ) 


t0A 


-1-3 


C    =  77 


5.6.    Special  Cases  of  Parallel-plate  Capacitor 

Consider  the  cases  illustrated  in  Fig.  5.8. 

(f)  As  shown  in  Fig.  5,8  (a),  the  dielectric  is  of 
thickness  d  but  occupies  only  a  part  of  the  area.  This 
arrangement  is  equal  to  two  capacitors  in  parallel.  Their  A 
capacitances  are 


C,  = 


and    C, = 


En  Er  A, 


d      —   "2  d 
ToLal  capacitance  of  the  parallel-plate  capacitor  is 

£f.  A,      £n  Er  Ai 


+ 
+ 

A 


+ 


1 


la) 


Fig.  5.8 


(ii)  The  arrangement  shown  in  Fig.  5.8  (b)  consists 
of  two  capacitors  connected  in  parallel. 

(a)  one  capacitor  having  plate  area  Ax  and  air  as  dielectric.  Its  capacitance  is  C{  = 


(h)  the  other  capacitor  has  dielectric  partly  air  and  partly  some  other  medium.  Its  capacitance 


is  [Art  5.5  (ii)].  C2  = 


'2  [d-(t-t/zr) 
5.7,    Multiple  and  Variable  Capacitors 


Total  capacitance  is  C  =  C(  +  C, 


Multiple  capacitors  are  shown  in  Fig.  5.9  and  Fig.  5. 10. 

The  arrangement  of  Fig.  5.9.  is  equivalent  to  two  capacitors  joined  in  parallel.  Hence,  its 


(a) 


Fig.  5.9 


(b) 
Fig.  5.10 
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capacitance  is  double  that  of  a  single  capacitor.  Similarly,  the  arrangement  of  Fig.  510  has  four 
i times  the  capacitance  of  single  capacitor.  ^ 

If  one  set  of  plates  is  fixed  and  the  other  is  capable  of  rotation,  then 
capacitance  of  such  a  multiplate  capacitor  can  be  varied.  Such  variable- 
capacitance  air  capacitors  are  widely  used  in  radio  work  (Fig.  5.1 1 ).  The 
set  of  fixed  plates  F  is  insulated  from  the  other  set  R  which  can  be  rotated 
by  turning  the  knob  K.  The  common  area  between  the  two  sets  in  varied  by 
rotating  K,  hence  the  capacitance  between  the  two  is  altered.  Minimum 
capacitance  is  obtained  when  R  is  completely  rotated  out  of  F  and  maximum 
when  R  is  completely  rotated  in  i.e.  when  the  two  sets  of  plates  completely 
overlap  each  other. 

The  capacitance  of  such  a  capacitor  is 

(w-l).e0ErA 


where  n  is  the  number  of  plates  which  means  that  (n  —  1)  is  the  number  of 
capacitors. 

Example  5.1.  The  voltage  applied  across  a  capacitiir  having  a 
capacitance  of  I0\i  F  is  varied  thus  : 


Fig.  5.11 


600 


The p.ii.  isint  leased 'uniformly from 
0  to  6(H)  V  in  seconds.  It  is  then  maintained  coiisum!  01  600  \  ' 
for  I  second  and  subsequently  decreased  uniformly  to  zero  in 
five  seconds.  Plot  a  graph  showing  the  variation  t>f  current 
during  these  8  seconds.  Calculate  («)  the  charge  (In  the  energy 
stored  in  the  capacitor  when  the  terminal  voltage  is  600. 

(Principles  of  Elect.  Engg.-I,  Jadavpur  Univ.  19K7) 

Solution.  The  variation  of  voltage  across  the  capacitor  is  as 
shown  in  Fig.  5.12  (a). 

The  charging  current  is  given  by 

dv 


dq     d  ,n  a  n 
=  ~r  =  -r  Cv)  -  C  . 
dt  dt 


Charging  current  during  the  first  stage 

=  10  x  10"6  x  (600/2)  =  3  x  10"3  A  =  3  raA 
Charging  current  during  the  second  stage  is  zero  because 
dv/dt  =  0  as  ihe  voltage  remains  constant. 
Charging  current  through  the  third  stage 


=  lOxlO^X 


0-600 


=  -  1 .2  x  10"3  A  =  -  1.2  mA 


The  waveform  of  the  charging  current  or  capacitor  current  is  shown  in  Fig.  5. 1 2  (b). 

(a)  Charge  when  a  steady  voltage  of  600  V  is  applied  is  =  600  x  10  x'10-6  -h  x  10-3  C 

(b)  Energy  stored  =  \  C  V2  =  §  x  10"5  x  6002  =  1.8  .1 

Example  5.2.  A  voltage  ofVis  applied  to  the  inner  sphere  of  a  Spherical  caput  itor,  whereas  the 
outer  sphere  is  earthed.  The  inner  sphere  has  a  radius  of  a  ami  the  outer  one  of  h  ll  b  is  fixed  and  a  mo\ 
be  varied,  prove  that  the  maximum  stress  in  the  diclei  trit  cannot  be  reduced  below  a  value  o)  4  V/b. 

Solution.  As  seen  from  Art.  5.4, 

Q 


v  = 


4nE0e 


(H) 


til 


As  per  Art.  4. 15,  the  value  of  electric  in  density  at  any  radius  x  between  the  two  spheres  is  given 


by  £  = 


4  n  e„  e, 


or  Q-  4  7t  £ 


Substituting  in  this  value  in  (1)  above,  we  get 


V  = 


4  Tie, 


K£ltZrx~  E  n  _  n 
4jtE0ef    U  bl 


or  E- 


{\la-\lb)xi 


206 


Electrical  Technology 


As  per  Art.  5.9.  the  maximum  value  of  E  occurs  as  the  surface  of  inner  sphere  i.e.  when  x  =  a 
For  £  to  be  maximum  or  minimum,  dEldci  =  0. 


jL(l-.i)a2=0  or  jL  (a-aVb)  =  0 
da  \u  hi 


da 

or  I  -2  alb  =  0   or   a  =  bfl 

Now,  E  =   -  t    .'.  E     =  V   --.,-  =  ;  

(\la-\lb)x~  (\la-\lb)a  {a-a'lh) 

V  4bV        UV     4  V 

Since,    a  =  ft/2       .■.    E      =    ,      -  =      ,-  —  =  =  — 

™*      (0/2-/7-/46)     W-b1       tr  b 

Example  5.3.  A  capai  -n<  >r ,  onsisix  of  two  similar  square  aluminium  plates,  each  10  cm  x  Idem 
mounted  parallel  and  opposite  to  each  other.  What  is  their  capacitance  in  pp.  F  when  distance 
between  them  is  I  cm  and  the  dielectric  is  air  '.'  If  the  capacitor  is  given  a  charge  of  500  pp  C.  what 
w  ill  be  the  difference  oj  potential  betw  een  plates  ?  How  will  this  he  affected  if  the  space  between  tin- 
plates  is  tilled  with  wa\  which  ha\  a  relative  permittivity  of  4  ? 

Solution.  C  =  en  Aid  farad 

Here  e„  =  8.854  x  10" 13  F/m  ;  A  *  10  X  10  *  100  cm1  =  10  2  mz 


d  =    I  cm  =  10  m 

OCT 
10" 


:  8.854x10  |'x  10  "   =  8.854  x  Iff*?*  8.854  pu.F 


Q               Q                500x10      c  CiC 
Now  C  =  —     .%    1  =  %    or    V=  —  ^  =  56.5  volts. 

V  C  8.854x10  12  F 

When  was  is  iniroducecl,  their  capacitance  is  increased  four  times  because 

C  =  %tTAld    F  =  4  x  8.854  =  35.4  pp  F 
The  p.d.  will  obviously  decrease  to  one  fourth  value  because  charge  remains  constant. 

V  =  56.5/4=  14.1  vol  Is. 
Example  5.4.   The  capacitance  of  a  capacitor  formed  by  two  parallel  metal  plates  each 
200  cm  in  area  separated  by  a  dielectric  4  mm  thick  is  11.0004  microfarads.  A  p.d.  of  20,000  V  is 
applied.  Calculate  Id)  the  total  charge  on  the  plates  i/;i  the  potential  gradient  in  V/m  (c)  relative 
permittivity  q)  the  dielectric  uh  the  electric  flux  density.       (Elect.  Engg.  I  Osmaina  Univ.  1**88) 
Solution.  C  =  4  x  10"4  pF  :  V-  2  x  104  V 


(a)  .-.    Total  charge        Q  m  CV  =4x1 1)"4  x  2  x  I04  pC  =  8  pC  =  8  X  NT6  C 

dV  =  2  -  10 '  *wlJrf 


(ft)  Potential  gradient  =  =  5x  10  V/m 


(c)  D  =  &A  =  Zx  10~*/2Q0 x  Iff4  =4x11"* Ohm1 

{d)  E  =  5  x  10"  V/m 

Since  D  =  e„  e,  E  e,  =  — 9—  =  -     -  — 1~  T  =  ¥ 

Example  5.5.  A  parallel  plate  capacitor  has  3  dielectrics  with  relative  permittivities  of  5.5,  2.2 
ctnd  1.5  respet  ti\c!\:  The  area  of  each  plate  is  100  cm'  and  thickness  of  each  dielectric  i  mm. 
Calculate  die  \ton-d  charge  in  the  capacitor  when  a  potential  difference  of  5,00(1  V  is  applied  across 
the  composite  capacitor  so  formed.  Calculate  the  potential  gradient  developed  in  each  dielectric  of 
the  capacitor.  (Elect.  Engg.  A.M.Ae.S.l.  June  19"))) 

Solution.  As  seen  from  Art.  5.5. 

c  =  tt]A  _  8.854  x  Ill"13  x  (IQOx  10'4)  =  S.854x10~14  =  29:>  pF 

'  </,  .  <1-  .  <ix)~     •'  in  '     10  '    |0"M       10_1x  0.303 


Erl      Cr2      Er.l  , 


A  10  I  10" 
5.5      *  :  1.5 
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Q  =  CV'=202  x  10"'*  x  5000  =  146  X  10""  coulomb 

D  =Q/A=  146  x  I0"s/(100  x  lO"')  =  146  x  lO"*CtoJ 

gj  =  £,  =  D/e0  tri  =  146  x  10"6/8.854  x  10  12  x  5.5  =  3  x  10*  V/m 

gj  =  £,  =  D/e0  erl  =  7.5  x  10*  V/m;  g3  =  D/Eq  e,3  =11x10*  V/m 

Example  5.6.  Ah  wir  capacitor  Has  two  parallel  plates  10  cm  in  area  and  0.5  cm  apart.  When 
a  dielectric  skih  0} I  a  rat  10  Cm  and  thickness  0.4  cm  was  inserted  between  the  plates,  one  of  the 
plates  has  to  be  moved  hy  0.4  cm  to  restore  the  capacitance.  What  is  the  dielectric  constant  oj  the 
stab  ?  (Elect  Technology,  Hyderabad  Uni\.  J 992  j 


Solution.  The  capacitance  in  the  first  case  is 
_  M  ^e„x  10x10^  ^  Ef) 
d        0.5  xlO"2  5 


0.5cm  0.4cm 
I'      'I'  I 


The  capacitor,  as  it  becomes  in  the  second  case,  is  shown  in  Fig. 
5.13.  The  capacitance  is 


C.  = 


'0.5xlO~3 


Since, 


+  4 


AIR 


o_  _ 

5  (5/e,+4) 


e  =5 


Fig.  5.13 


or    £,  =  5 


Note.  We  may  use  ihe  relation  derived  in  Art,  5.5  07) 

Separation  =  (r -//£,)  .-.  0.4  =  (0.5  -  0.5/e,.) 
Example  5.7.  A  parallel  plate  capacitor  of  area.  A,  and  plate  separation,  d.  has  a  voltaic.  V* 
applied  by  a  batten:  The  batten-  is  then  disconnected  and  a  dielectric  slab  of  permittivity  ft;  and 
thickness,  d,.  id,  <  d)  is  inserted,  (a I  Find  the  new  voltage  Vt  across  the  capacitor,  (b)  Find  the 
capacitance  C0 before  and  its  value  Ct  after  the  slab  is  introduced,  (t  )  Find  the  ratio  V/V0  and  the 
ratio  C,/C„  when  d,  =  d/2  and  £,  =  4  e„. 

(Electromagnetic  Fields  and  Waves  AM  IETF,  (New  Scheme)  June  199(1) 


Solution,  {b) 


C0  = 


e0A 


((d-d,)  |  </,  > 


Since  d{  =  d/2  and  zi  =  4  e0 


C,  = 


"I  J 
8e(I  A 


< 


2e„    2x4  En 


{a)  Since  the  capacitor  charge  remains  die  same 


C0V0  =  C,  V, 


(c)  As  seen  from  above, 


Tutorial  Problems  No.  5.1 


'1  5rf 


5rf      5  V, 


8e„A 


8 
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1.  Two  parallel  plate  capacitors  have  plates  of  an  equal  area,  dielectrics  of  relative  pennituvities  tH  and 
£,,  and  plate  spacing  of  ds  and  d2.  Find  the  ratio  of  then  capacitances  if  Ef,/£r,  =  2  and  djd^  =  0.25.  [( 'A  \  -S\ 

2.  A  capacitor  is  made  of  two  plates  with  an  aiea  of  1 1  cm  which  arc  separated  by  a  mica  sheet  2  mm 
thick  It  for  mica  zr  =  6.  find  its  capacitance.  If,  now,  one  plate  of  the  capacitor  is  moved  turther  to  give  an  air 
gap  0.5  mm  wide  between  the  plates  and  mica,  find  the  change  in  capacitance.  [29.19  pF.  1 1.0  pi-  ] 

3.  A  parallel-plate  capacitor  is  made  of  two  plane  circular  plates  separated  by  d  cm  of  air.  When  a 
parallel-laced  plane  sheet  of  glass  2  mm  thick  is  place  between  the  plates,  the  capacitance  of  the  system  is 
increased  by  50%  of  its  initial  value.  Whal  is  the  distance  between  the  plates  if  the  dielectric  constant  of  the 
glass  is  6?  |(l.5  x  KP' m] 
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4.  A  p.d.  of  10  kV  is  applied  to  the  terminals  of  a  capacitor  consisting  of  two  circular  plates,  each  having 
an  area  of  100  cm1  separated  by  a  dielectric  I  mm  thick.  If  the  capacitance  is  3  x  10   p.  F,  calculate 

(a)  the  total  electric  flux  in  coulomb        (6)  the  electric  flux  density  and 

(t  )  the  relative  permittivity  of  the  dielectric.  Ua)  J  x  1<T*C  i/o  3  x  10   u.  C7m"  lei  3J*>| 

5.  Two  slabs  of  material  of  dielectric  strength  4  and  6  and  of  thickness  2  mm  and  5  turn  respectively  are 
inserted  between  the  plates  of  a  parallel-plate  capacitor.  Find  by  how  much  the  distance  between  the  plates 
should  be  changed  so  as  to  restore  the  potential  of  the  capacitor  to  its  original  value.  15.67  mm  | 

6.  The  oil  dielectric  to  be  used  in  a  parallel-plate  capacitor  has  a  relative  permittivity  of  2.3  and  the 
maximum  working  potential  gradient  in  the  oil  is  not  to  exceed  106  V/m.  Calculate  the  approximate  plate^area 
required  for  a  capacitance  of  0.0003  U  F,  the  maximum  working  voltage  being  10.000  V.       1 147  x  10  m"| 

7.  A  capacitor  consist  of  two  metal  plates,  each  10  cm  square  placed  parallel  and  3  mm  apart.  The  space 
between  the  plates  is  occupied  by  a  plate  of  insulating  material  3  mm  thick.  The  capacitor  is  charged  to  300  V. 

(a)  the  metal  plates  are  isolated  from  the  300  V  supply  and  the  insulating  plate  is  removed.  What  is 
expected  to  happen  to  the  voltage  between  the  plates  ? 

(b)  if  the  metal  plates  are  moved  lo  a  distance  of  6  mm  apart,  what  is  the  further  effect  on  the  voltage 
between  them.  Assume  throughout  that  the  insulation  is  perfect. 

[300  e,  :  600  er :  where  Ef  is  the  relative  permittivity  or  the  insulating  material) 
S.  A  parallel-plate  capacitor  has  aneffecting  plate  area  of  100  cnT  (each  plate)  separated  by  a  dielectric 
0.5  mm  thick.  Its  capacitance  is  442  uu  F  and  it  is  raised  to  a  potential  differences  of  10  kV.  Calculate  from  first 
principles 

(a)  potential  gradient  in  the  dielectric    {b)  electric  flux  density  in  the  dielectric 

(c)  the  relative  permittivity  of  the  dielectric  material.  Ito)  20  kV/mm  (/>)  442  u.t7m~lc>  2.51 
9.  A  parallel-plate  capacitor  with  fixed  dimensions  has  air  as  dielectric.  It  is  connected  to  supply  of  p.d. 

V  volts  and  then  isolated.  The  air  is  then  replaced  by  a  dielectric  medium  of  relative  permittivity  6.  Calculate 

the  change  in  magnitude  of  each  of  the  following  quantities. 

ia)  the  capacitance    (b)  the  charge    (r)  the  p.d.  between  the  plates 

{d)  the  displacement  in  the  dielectric    {e)  the  potential  gradient  in  the  dielectric. 

i..."  6  :  I  increase  ib\  nn  change  U)  6  :  1  decrease  id)  no  change  (el  6  :  1  decrease) 

5.8.    Cylindrical  Capacilor 

A  single-core  cable  or  cylindrical  capacilor  consisting  two 
co-axial  cylinders  of  radii  a  and  b  metres,  is  shown  in  Fig.  5.14. 
Let  the  charge  per  metre  length  of  the  cable  on  the  outer  surface 
of  the  inner  cylinder  be  +  Q  coulomb  and  on  the  inner  surface  of 
the  outer  cylinder  be  -  Q  coulomb.  For  all  practical  purposes, 
the  charge  +  Q  coulomb/metre  on  the  surface  of  the  inner  cylinder 
can  be  supposed  to  be  located  along  its  axis.  Let  er  be  the  relative 
permittivity  of  the  medium  between  the  two  cylinders.  The  outer 
cylinder  is  earthed. 

Now,  let  us  find  the  value  of  electric  intensity  at  any  point 
distant  x  metres  from  the  axis  of  the  inner  cylinder.  As  shown  in 
Fig.  5.15,  consider  and  imaginary  co-axial  cylinder  of  radius  x 
metres  and  length  one  metre  between  the  two  given  cylinders. 
The  electric  field  between  the  two  cylinders  is  redial  as  shown. 
Total  flux  coming  out  radially  from  the  curved  surface  of  this 
imaginary  cylinder  is  Q  coulomb.  Area  of  the  curved  surface 
=  2  Jt  x  x  I  =  2nxmT. 

Hence,  the  value  of  electric  flux  density  on  the  surface  of 
the  imaginary  cylinder  is 

flux  in  coulomb  _  V  =  £?  .   q  _  _S 

A  A 


D  = 


area  in  metre 
The  value  of  electric  intensity  is 

E  = 


Now, 


or 


E  = 

D  or 

dV  = 

-Edx 

V  = 

f  -  E ,  dx  - 

2kx 


V/m 


C/m" 


ib  1ft 


Qdx 


s0erx 


Fig.  5.14 


Capacitance  20^ 
log,  2  2.3log1(,(^)       i  ^  K 


Q   _  2ne0Er     _    ^  2jie0er 

V        '"Hal  "»«H«J 

The  capacitance  of  /  metre  length  of  this  cable  is  C  =    27I£pE'' 1  F 

2-31og10g) 

hi  case  the  capacitor  has  compound  dielectric,  the  relation  becomes 

c  =  f 


I 


The  capacitance  of  1  km  length  of  the  cable  in  p  F  can  be  found  by  putting  /=  I  km  in  the  above 
expression. 

C  =  2nx8.854x,Q-'^rxl000F^=0^^/km 
2-3togwg)  log!fl(|) 
5.*>.    Potential  Gradient  in  a  Cylindrical  Capacitor 

It  is  seen  from  Art.  5.8  that  in  a  cable  capacitor 

E  =   2   v/m 

27ie0er  x 

where  x  is  the  distance  from  cylinder  axis  to  the  point  under  consideration. 

Now  E  =  g         g  =  -—2        V/m  ..,(i) 

27ce(1ef  x 


From  Art 


Fig.  5.15 


5.8,  we  find  that  V  =  .  Q     log.  (-)    or    O  =  2jteo^  V 


Substituting  this  value  of  £?  in  (/)  above,  we  gel 


2jl£(lErV  v  V 

g  =   TtT\    V/m  or  8  =   7TT  V/m    or   s  =  -—  volt/metre 

U^lm^x  .log,  (f)  23x1^(1) 

Obviously,  potential  gradient  varies  inversely  as  x. 

Minimum  value  of  x  =  a,  hence  maximum  value  of  potential  gradient  is 

=  ■  -7TT  V/m  ...(if) 

23alo^(a) 

Similarly,  gmax  =   V  V/m 

2.3Mog]0(J) 

Null1.  The  above  relation  may  be  used  to  obtain  most  economical  dimension  while  designing  a  cable.  As 
seen,  greater  the  value  of  permissible  maximum  stress  E^,  smaller  the  cable  may  be  for  given  value  of  V. 
However,  E^  is  dependent  on  the  dielectric  strength  of  die  insulating  material  used. 

If  V  and  Enlm  are  fixed,  then  Eq.  (//)  above  may  be  written  as 

alogh  J  5  Xa!      hm*  a 


210  Electrical  Technology 

For  mosi  economical  cable  dblda  =  0 

^    =  0  =  fw' +  fl  (- Jt/a or   a  =  A  =  WE      and  /»  =  ««■  =  2.718  o 

Example  5.8.  .A  cafi/e  i.v  .f6W  km  long  and  has  a  conductor  of  0.5  cm  in  diameter  with  an 
insulation  covering  of  0.4  cm  thickness.  Calculate  the  capacitance  of  the  cable  if  relative  permittivity 
oj  insulation  i\  4.5  (Elect.  Engg.  A.M.Ae.  S.I.  June  I987i 

0  024  £ 

Solution.  Capacitance  of  a  cable  is  C  =  —  p  F/km 

Here,  a  =  0.5/2  =  0.25  cm;b  =  0.25  +  0.4  =  0.65  cm  :  bio  =  0.65/0.25  -  2.6  ;  logjjj*  =  0.415 

C  =  °'024x4-5  =  0.26 
0.415 

Total  capacitance  for  300  km  is  =  300  x  0.26  =  78  p  F. 

Example  >.u.  In  a  comentric  cable  capacitor,  the  diameters  of  the  inner  and  outer  cylinders 
are  i  and  10  mm  respectively.  If  £rfor  insulation  is  \  find  its  COpacikVtce  per  metre 

A  p.d.  <>!  r\0t)  volts  is  applied  between  the  two  conductors.  Calculate  the  values  of  the  electric 
force  and  electric  flux  density  :  la)  at  the  surface  of  inner  conductor  lit}  at  the  inner  surface  of  outer 
conductor. 

Solution,  a  =  1 .5  mm  ;  b  =  5  mm  ;       .-.  bla  =  5/1.5  =  10/3  ;  log.J-lH  1  =  0.523 


l0Sm(y)=l 


=     2^^  /       2nx8.854xlQ-12x3xl  =13  -,2F=U8 8 

2.31pgI0(i)  2-3*0S23 

(a)  D  =  Q/2k  a 

Now    Q  =  CV  =  138.8  x  10" 12  x  600  =  8.33  x  10"9  C 

D  m  8.33  x  1 0"8/2Tt  x  1.5  x  10"?  =  8.835  p  C'/m1 

E  =  £)/£,,  e,  =  332.6  V/m 

(b)  D  =    8  33x10  .  C/m2  =  2.65  p  C7m:  j  £  =  £>/£„£=  W.82  V/m. 

2jtx5xl0"3 

Example  5.10.  The  radius  of  the  copper  core  of  a  single-core  rubber-insulated  cable  is  2.25 
mm.  Calculate  the  radius  of  the  lead  sheath  which  covers  the  rubber  insulation  and  the  cable 
COpat  nance  per  metre.  A  voltage  of  10  kY  max  be  applied  between  the  core  and  the  lead  shculh  with 
a  safety  factor  of  X  The  rubber  insulation  has  a  relative  permittivity  of  4  and  breakdown  field 
strength  oj  M  x  Iff  V/m. 

V 

Solution.  As  shown  in  Art.  5.9.  gm^  =   tt 

2.3 a  log. 


N°w-  S„^  =  fM  =  1 8  x  1 0ft  V/m  ;  V  =  breakdown  voltage  t 
Safety  factor  =  104  x  3  =  30.000  V 

...  Bxlu"=   — —  jt-t  -•-  -  =  2.1  or*  =  2. Ix 2.25  =  4.72 mm 

2.3x2.25xlO~3x)ogl(pl*j  a 

2jreQer/      2n x 8.854 x  10" 12  x4x  1  _, 
C   =  ~ — ttt  =  r"T-  — —  =  3  x  10  F 


2.31og10(*  2.31ogl0(2.1) 
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5.10.  C  apacitance  Between  Two  Parallel  Wires 

This  case  is  of  practical  importance  in  overhead  transmission  lines.  The  simplest  system  is 
2-wire  system  {either  d.c.  or  a.o.  In  the  case  of  a.c.  system,  if  Ihe  transmission  line  is  long  and 
voltage  high,  the  charging  current  drawn  hy  the  line  due  to  ihe  capacitance  between  conductors  is 
appreciable  and  affects  its  performance  considerably. 

With  reference  to  Fig.  5.16.  let  P 


d  =  distance  between  centres  of  the  wires  A  and  B 


@>  5  @ 

r  =  radius  of  each  wire  (<  d)  P      x  ld"x>  j 

Q  =  charge  in  coulomb/metre  of  each  wire* 
Now.  let  us  consider  electric  intensity  at  any  point  P  F'S- 
between  conductors  A  and  B. 

Electric  intensity  at  P*  due  to  charge  +  Q  coulomb/metre  on  A  is 

V/m  ,  , ,  towards  B. 


1  k  e„  er  x 

Electric  inlesity  at  P  due  to  charge  -  Q  coulomb/metre  on  B  is 

Q 


Total  electric  intensity  al  PE  -  -----  -  f  '-+  -  '  — 

1  I  n  e„  er  {  x    d  -  x 

Hence,  potential  difference  between  the  two  wires  is 


,  V/m  .  .  .  towards 

2  7t  e0  er  {a  -  x) 

Q     ( I  ,     I;  ^ 


rd  -  r  n       rrf  -r  f  j  j 


Jr  2jIEnErJr 


+  -  '  -  |4r 
i    a  —x 


V  =   H    Q   -  I  log,  .v-logfk/- r)  ^- log/  - 

Now  C  =  OrV  .-.  C  =      "£°Ef     =  =     71  Eo  Er      F/m  , 

lt'g.-  — — "     --3  log,,,  — —     2-3  ltJgici  (7) 
7t  e0  e 

The  capacitance  for  a  length  of  /  metres  C  =   — TT\ 

2-3log|0  (^  ) 

The  capacitance  per  kilometre  is 

7cx8.854xm  '-xe  xlOOxlo" 


Example  5.11.  77itf  conductors  of  a  two-wire  transmission  line  {4  km  long)  are  spaced  45  cm 
hetween  centre.  IF  ea<  h  conductor  has  a  diameter  of  1.5  cm.  calculate  the  capacitance  of  the  line. 

_  .    ,  It  £„  £ 

Solution.  Formula  used     C  =   — - —  ' 

Here  /  =  4000  metres  ;  r=  1.5/2  cm  ;    =  45  cm  ;  er=  J-  for  air    .■.     -  =  45  *  2  =  60 

r       1 .5 

=   7txS.854xlO-|}x4(K)0  =    _  x  p 
  2.3  log,,,  60 


II  charge  on  A  is  +  Q.  then  on  B  will  be  -  0. 
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lot 


C  =  4x  ,a012l  =  0.0272  pF] 


toglu  60 


5. 11 .  Capacitors  in  Series 

With  reference  of  Fig.  5.17.  let 


C,.  C2,  C,  =  Capacitances  of  three  capacitors 

V,,  V2,  V3  =  p.ds.  across  three  capacitors. 

V  ==  applied  voltage  across  combination 

C  =  combined  or  equivalent  or  joing  capacitance. 


In  series  combination,  charge  on  all 
capacitors  is  the  same  but  p.d.  across  each 
is  different. 


01 


Q 
C 


V,  +  v2  +  v3 

Q  +  Q_.Q_ 

c,    c2  c3 

i,[,i 


For  a  changing  applied  voltage. 


Fig.  5.17 


Fig.  5.18 


dV, 


dV,  dV, 
dt 


dV 

dt    ~    dt      dt  dt 
We  can  also  Find  values  of  V,,  V2  and  V}  in  terms  of  V.  Now,  Q  =  C,  V,  =  C2V2  =  C3V?  =  CV 

 ^3   ^'i^';^'? 

c,c2  +  c2c3  +  c3C;   z  qc2 


where 


C  = 


C.V.  *  CVor  Vt=V-^  =  V.^§- 

11  c\  zc,c2 


Similarlv, 


V,  *  V 


zqc. 


and  V,=V 


I  c,  c; 


5.12.  Capacitors  in  Parallel 

In  this  case,  p.d.  across  each  is  the  same  but  charge  on  each  is  different  (Fig.  5.18). 

Q  =  Q\  +  Q2  +  Qi   or   CV=  C,  V  +  C2V  +  C3V   or   C  =  C,  +  C2  +  C3 
For  such  a  combination,  dV/dt  is  the  same  for  all  capacitors. 

Example  5.12.  Find  the  C    of  the  circuit  .shown  in  Fig.  5.19.  All  capacitances  are  in  p  F 

(Basic  Circuit  Analysis  Osmania  Univ.  JunTFcb.  lU4)2l 

Solution.  Capacitance  between  C  and  D  =  4  +  1  II  2  =  14/3  p  F. 

Capacitance  between  A  and  B  i.e.  Ctlj  =  3  +  2  II 
1 4/3=  4.4  p  F 

Example  5.13.  Two  capa  iu<r\  of  a  capacitaat  <■ 
4  \i.F  and  2  \lF  respectively,  arc  joined  in  series 
with  a  hattery  t>f  e.m.t.  1(H)  V.  The  connections 
are  broken  and  the  like  terminals  of  the  capacitors 
are  then  joined.  Find  the  final  charge  on  each 
capacitor. 

Solution.  When  joined  in  series,  let  V,  and  V2  be  the  voltages  across  the  capacitors.  Then  as 
charge  across  each  is  the  same. 


Fig.  5.19 


4  x  V,  =  2  V2 


V2  =  2V1 


Also  V,  +  V2  =  100 


(  apacilame 
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V,  +  2V,  =  100 


V,  =  100/3  V 


and    V,  =  200/3  V 


Qt=Q,  =  (200/3)  x  2  -  (400/3)  p  C 


.'.    Total  charge  on  both  capacitors  =  800/3  p.  C 

When  joined  in  parallel,  a  redistribution  of  charge  lakes  place  because  both  capacitors  are  reduced 
to  a  common  potential  V. 

Total  charge  =  800/3  p.  C;  total  capacitances  =4+2=6pF 

800  =  400 
9 


V  = 


3x6 


volts 


Hence 

Example  5.14 
10 


(b) 


_  V  -+-  V  - 


-o  250  V  o- 


Fig.  5.20 
Fxample  5.15.  Find  the 


0,  =  (400/9)  x  4  =  1600/9  =  178  p.  C 

Q2  =  (400/9)  x  2  =  800/9  =  89  p.  C  CppTWL  I 

Three  vapudtorfs  A,  B.  C  have  capacitances  10.50  and  25  p.  F  respectively 
Calculate  (i)  charge  on  each  when  connected  in  parallel  to  a  250  V 
supply  (ii)  total  capacitance  and  (Hi)  p.d.  across  each  when 
connected  in  series.     (Fleet.  Technology,  Gwalior  Univ.  1989) 

Solution.   (/)  Parallel  connection  is  shown  in  Fig.  5.20  (a). 
Each  capacitor  has  a  p.d.  of  250  V  across  it. 
0,  =  C,  V  =  10  x  250  =  2500  p.  C ;  Q2  =  50  x  250  =  1 2.500  p.  C 
C3=  25  x  250=(».750  p.C. 

(if)  C  =  C,  +  C2  +  Cy  =  10  +  50  +  25  =85  u,  F 
(Hi)  Series  connection  is  shown  in  Fig.  5.20  (b).  Here  charge  on 
each  capacitor  .is  the  same  and  is  equal  to  thai  on  the  equivalent 
single  capacitor. 

1/C  =  1/C,  +  1/C,  +  1/C3 ;  C  =  25/4  p  F 
Q  =  CV  =  25  x  250/4  =  1562.5  p.  F 
Q  =  C,  V,  ;  V,  =  1562.5/10  =  I5f>.25  V 
V,  =  1562.5/25  =62.5  V;  V3  =  1562.5/50  =31.25  V. 

thirties  on  capacitors  in  Fig.  5.21  and  the  p.d.  across  them. 


Solution.  Equivalent  capacitance  between  points  A 
and  B  is 

C,  +  C3  =  5  +  3  =  8  p  F 
Capacitance  of  the  whole  combination  (Fig.  5.21) 

8x2 


H-V, 


C  = 


8  +  2 


1,6  p.  F 


Charge  on  the  combination  is 

(?,  =  CV=  100  x  1.6=  160  p.  C 

t_  y  Zm 

-6  . 


r 


V, 


C,A 


3uF 


2pF 


100  V 


1  h 


SjiF 


Fig.  5.21 


80=  20  V 


Qx  =  C2V2  =  3x  10  x20=nOp.C 
Qy  =  CjV;,  =  5x  10"6x20=HMIpC 

Kxample  5.16.  Tw  <>  capacitors  A  and  B  are  connected  in  series  across  a  100  V  supply  and  it  is 
observed  thai  the  p.d. s  across  them  t[re  60  V  and  40  V  respectively  A  capacitor  of  2  pF  capat  nance 
is  now  i  onnected  in  parallel  with  A  and  the  p.d.  across  B  rises  to  90  volts.  Calcuatte  the  i  apai  iiancc 
of  A  and  li  in  microfarads. 
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Solution.  Let  C,  and  C  u.  F  be  the  capacitances  of  the  two  capacitors.  Since  they  are  connected 
in  series  | Pig-  5.22  (a)],  the  charge  ueorss  each  in  the  same. 


60  C.  =  40  C    or    C./C,  =  2/3 


...(f) 


In  Fig.  5.22  (b)  is  shown  a  capacitor  of  2  \i  F  connected  across  capacitor  A.  Their  combined 
capacitance  =  (C,  +  2)  u.  F 

(C,  +2)10  =  90  C,   or   CJC2  =  2/3 
Puning  the  value  of  C,  =  3C(/2  from  (0  in  Hi)  we  get 


.„(«) 


3C(/2 


=  9 


C,  +  2  =  13.5  C, 


ot 


C,  =  2/12.4  =  0.16  u.F  and 
C2  =  (3/2)  x  0.16  =  0.24  p.  F 


,2uF 


60V 


40V 


100V 


II 


10V 


90V 


100  V 

(A) 


Fig.  5.22 

Example  5.17.  Three  capacitors  of  2  u  F.  5  u  /  and  10  |i  F  have  breakdown  voltage  of  2(H)  V. 
501)  V  and  100  V  respectively.  The  capacitors  are  connected  in  scries  and  the  applied  direct  voltage 
lo  the  circuit  is  gradually  tucretiscd.  Which  capacitor  will  breakdown  first  ?  Determine  the  total 
applied  voltage  and  tola!  energy  stored  at  the  point  of  breakdown.       [Bombay  Univeristy  2001 1 

Solution.  C|  of  2  (aF.  C,  of  5  u  F.  and  C,  of  1 0  (iF  are  connected 
in  series.  If  the  equivalent  single  capacitor  is  C, 


c. 


uc 


l/C,  +  WCj  +  ]/Cy  which  gives  C  =  1.25  n  F 


Fig.  5.23 

li  means  that,  first  capacitor  C,  will  breakdown  ilrst 


If  V  is  the  applied  voltage. 

V,   =   V*  C/C,  =  Vx  (1.25/2) 

=  62J%  Of  V 
V,  =  Vx  (C/C2)  =  Cx  (1.25/5)  =  25  %  of  V 
V,  =   Vx  (C/C,)  =  Vx  (1.25/10)  =  12.5  %  of  V 
If  V,  =  200  volts.  V  =  320  volts  and  V2  =  80  volts.  \\  =  40  volts. 


Energy  stored  =  1/2  CV  =  1/2  x  1.25  x  10     x  320  x  320  =  0.064  Joule 

Fxample  5.18.  A  multiple  plate  capacitor  lias  lOplates,  ecu  h  of  area  1(1  square  cm  and  separation 
between  2  plates  is  I  nun  with  air  as  dielectric.  Determine  the  energy  stored  when  voltage  of  100 
volts  ts  applied  across  the  capacitor.  | Bombay  University  2001] 

Solution.  Number  of  plates,  n  =  10 


C  = 


(;i-l)ea  _9x8.854x  I0~]:  x  IQx  10~4 


Energy  stored 


1/2  x  79.7  x  10' 


1x10 

x  lOOx  100  =  0.3985  \jj 


:79.7pF 
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Example  5.19.  Determine  the  capacitance  between  the  points  A  and  B  in  figure  5.24  (a).  All 
capacitor  values  are  in  \if'. 

C 


Fig.  5.24  [a) 


Solution.  Capacitances  are  being  dealt  with  in  this  case.  For  simplifying  this.  Delta  lo  star 
transformation  is  necessary.  Formulae  for  this  transformation  are  known  if  we  are  dealing  with 
resistors  or  impedances.  Same  formulae  are  applicable  to  capacitors  provided  we  are  aware  that 
eapacilive  reactance  is  dependent  on  reciprocal  of  capacitance. 


Further  steps  are  given  below  : 
C 


Fig.  5.24  ib)  Fig.  5.24  (c) 

Reciprocals  of  capacitances  taken  first  : 

Between  B-C  0.05.  Between  B-D   0.10 

Between  CD          0.05,  Sum  of  these  three  =  0.20 

For  this  delta,  star-transformation  is  done  : 
Between  N-C  :  0.05  x  0.05/0.20  ■  0.0125,  its  reciprocal  =  80  p.  F 
Between  N-B  :  0.05  x  0.10/0.20  =  0.025.   its  reciprocal  =  40  u  F 
Between  N-D  :  0.05  x  0. 10/0.20  *  0.025,   its  reciprocal  =  40  |i  F 
Tliis  is  marked  on  Fig.  5.24  (c). 

With  series-parallel  combination  of  capacitances,  further  simplification  gives  the  final  result. 
CAB  =  16.13  uF 

Ni>ii  :  Alternatively,  with  ADB  as  the  vertices  and  C  treated  as  the  star  point,  star  to  delta  transformation 
can  be  done.  The  results  so  obtained  agree  with  previous  effective  capacitance  of  16.1-4  u  F. 

Example  5.20.  (at  A  capacitor  oj  10  pF  is  connected  to  a  voltage  sautvt  of  lot)  V.  //  the 
distance  between  the  capacitor  plates  is  reduced  to  50  %  while  it  remains,  connected  to  the  100  V 
Utpply.  Find  the  mn  values  of  charge,  energy  stored  and  potential  as  well  as  potential  gradient, 
W'Iih  h  qj  these  quantities  increased  by  reducing  the  distance  and  why  ? 

|  Bombay  University  2000] 

Solution. 

(0  C  =  10  pF  U7)  C  =  20  pF,  distance  halved 

Charge  =  1000  p  Coul  Charge  =  2000  p-coul 

Energy  =  1  /2  CV1  =  0.03  |i  J       Energy  =  0.10  p.  J 
Potential  gradient  in  me  second  case  will  be  twice  of  earlier  value. 
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Example  5.20  [b).  A  capacitor  5  (.i  F  charged  to  10  V  is  connected  with  another  capacitor  of 
IO\lF  charged  to  50  V.  so  that  the  capacitors  have  one  and  the  same  voltage  after  connection.  What 
arc  the  possible  values  of  this  common  vaoliaxe  ?  [Bombay  University  2(HMI| 
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10  V 


10  |af        50  V 


 1  

Fig.  5.25  (a) 


Fig.  5.25  (c)  Simplification 

A  A 


SO  V 


36.67 


Fig.  5.25  Id).  Final  condition 


Fig.  5.25  ib).  Initial  charge  represented  by  equiv-soutce 
Solution.  The  clearer  procedure  is  discussed  here. 

Initial  charges  held  by  the  capacitors  are  represented  by  equivalent  voltage  sources  in  Fig.  5.25 
(fo).  The  circuit  is  simplified  to  that  in  Fig.  5.25  (c).  This  is  the  case  of  C;  and  C,  connected  in  series 
and  excited  by  a  40-V  source.  If  C  is  the  equivalent  capacitance  of  this  series-combination, 

1/C  =  1/C,  +  C, 
This  gives  C  =  3.33  pF 

In  Fig.  U"),  Vcl  =  40  x  C/C,  =  40  x  3.33/5  =  26.67  volts 

Vst  and  Vr  are  integral  parts  of  C,  and  C2  in  Fig.  5.25  (c). 
Voltage  across  C,  a  10+  26.67  =  36.67  (A  w.r.  to  0) 
Voltage  acorss  C2  =  50  -  13.33  =  36.67.  (B  w.r.  to  0) 
Thus,  the  final  voltage  across  the  capacitor  is  36.67  volts. 

Note  :  If  one  of  the  iniual  voltages  on  the  capacitors  happens  to  be  the  opposite  to  the  single  equivalent 
source  voltage  in  Fig.  5.25  (c)  will  be  60  volts.  Proceeding  similarly,  with  proper  care  about  signs,  the  final 
situation  will  be  the  common  voltage  will  be  30  volts. 

5.13.  Cylindrical  Capacitor  with  Compound  Dielectric 
Such  a  capacitor  is  shown  in  Fig.  5.26 
Let         r,  =  radius  of  the  core 

r,  =  radius  of  inner  dielectric  er] 

r,  =  radius  of  outer  dielectric  Er2 
Obviously,  there  are  two  capacitors  joined  in  series. 


Now 


C,  = 


0.024  Er[  RF/kmandC2=  -^i^^FM 


Iog10  (r3/r2) 
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Total  capacitance  of  the  cable  is  C  = 


(- 1  ^ : 


Now  for  capacitors  joined  in  series,  charge  is  the  same. 
Q  —  C|V]  =  C2V2 


or 


V\     '  C2  erllog,0(r2//;) 
From  this  relation,  V,  and  Vj  can  be  found, 

V. 

grau,  in  inner  capacitor 


2,3/j  log|0(r2/r,) 


Similarly,  gfmu  for  outer  capacitor  = 


(Art.  5.9) 


2,3  r2  log[0(r3/r2) 


U      2-3  r\  log|0<r2/r|i      2'  3  r2  lOilofV'i) 

_  Vj*2  K  lQg|Q  <r3/r2>  „  C2rZ  x  loglO  ^lrl)  (  .  V\  _  C2  ' 
V2I      login  <''2/r1^      C1rl      *°8l0  (l2/rl>  1***2  Cl 


Putting  the  values  of  C,  and  C2,  we  get 
0.024  e 


Fif;.  5.26 


a  x'°gio  W 


r2  x  logio  tyn) 


'rl  ■  '1 


«max2     toSrttV^)     0.024  Eri      fj     log|0  (r2/r,) 
Hence,  voltage  gradient  is  inversely  proportional  to  the  permittivity  and  the  inner  radius;  of  the 
insulating  material. 

Fxumple  5.21.  -\  single-core  lead-sheathed  cable,  with  a  conductor  diameter  of  2  cm  is  designed 
to  wiilixhoul  M  kV.  The  dielectric  consists  of  two  layers  A  and  B  havini;  relative  permittivities  of '3.3 
and  3  respectively.  The  corresponding  nuuinnnn  permissible  electrostatic  stresses  are  72  and 
f)0kV/cm.  Find  the  fhickne\ses  of  the  two  lovers.    (Power  Systems-I,  M.S.  Univ.  Buroda,  1989) 

Solution.  As  seen  from  Art.  5.13. 

Smaxl  £r2  ■  '"I         72  3xr, 


if  II 


3  ™.  72 
or  — 

r,  60 


— —  or  r,  - 1 ,4  cm 
3.5x1  2 


Now. 


2.3  r\  log,„  r>, 


..Art.  5.9 


where  V,  is  the  r.m.s.  values  of  the  voltage  across  the  first  dielectric. 


72  = 


Obviously, 
Now, 


2.3xlxlog10  1.4 
V2  =  60-  17.1  =  48.9  kV 

V2xV2 

Am*  -  2.3  r2logl0  (r3/r2)  " 
log,()  (r3/r2)  =  0.2531  =log|0(1.79) 


or  V,  =17.1  kV 


60  = 


48.9 


2.3x1.4  log|0(r3/r2) 


1.79  or  r3  =  2.5  cm 
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Thickness  of  first  dielectric  layer  =  1 .4  -  1 .0  =  0.4  cm. 
Thickness  of  second  layer  =  2.5  -  1.4  =  1.1  cm. 

5.14.  Insulation  Resistance  of  a  C  able  Capacitor 

In  a  cable  capacitor,  useful  current  flows  along  the  axis  of  the  core  but  there  is  always  present 
some  leakage  of  current.  This  leakage  is  radial  i.e.  at  right  angles  to  the  flow  of  useful  corrent.  The 
resitance  offered  to  this  radial  leakage  of  current  is  called  insulation  resistance  of  the  cable.  If  cable 

Jr      length  is  greater,  than  leakage  is  also  greater.  It  means  that 
more  current  will  leak.  In  other  words,  insulation  resistance  is 
decreased.  Hence,  we  find  that  insulation  resistance  is  inversely 
■proportional  to  the  cable  length.  This  insulation  resistance  is 
not  to  be  confused  with  conductor  resistance  which  is  directly 
proportional  to  the  cable  length. 
Consider  i  metre  of  a  single-core  cable  of  inner-  radius  r{  and 
,  outer  radius  r2  (Fig.  5.27).  Imagine  an  annular  ring  of  radius 
V  and  radial  thickness  'dr. 
If  resistivity  of  insulating  material  is  p.  then  resistance  of  the 

pdr 
2nrl 

of  /  metre  length  of  cable  is 


■  ,n      P  dr 

this  narrow  ring  is  dR  =  ~r  r 

2nr  x  I 


Insulation  resistance 


J-  ■  L 


or  R  =    r  -    log,  (r) 
i  2rc  r!  2k  rr 


Fiji.  5.27 


R  = 


It  should  be  noted 

( / 1  that  R  is  inversely  proportional  to  the  cable  length 

Hi)  thai  R  depends  upon  the  ratio  rjrs  and  NOT  on  the  thickness  of  insulator  itself. 

Example  5.22.  A  lit/uid  resistor  consists  of  two  concentric  metal  cylinders  of  diameters  D  -  35 
cm  and  d  =  20  cm  respectively  with  water  of  specific  resistance  p  =  8000  £2  cm  between  them.  The 
length  of  both  cylinders  is  60  cm.  Calculate  the  resistance  of  the  liquid  resistor. 

(Elect  Engg.  Aligarh  Univ.,  1989) 
Solution,  r,  =  10  cm  ;  r2    =  17.5  cm;  logM)  (1.75)  =  0.243 
p=  8x  1.0?  £2  -cm;/  =  60  cm. 


Resistance  of  the  liquid  resistor  R . 


2.3X8X10- 


v  0,243  =  1 1.85  £1 


2jix60 

Example  5.23.  Two  underground  cables  having  conductor  resistances  of  0.7  £2  and  0.5  and 
insulation  resistance  of 300  M  £2  respectively  are  joind(i)  in  series  (ii\  in  parallel.  Find  the  resultant 
conductor  and  insulation  resistance.  (Elect.  Engineering,  Calcutta  Univ.  1987) 

Solution,  u)  The  conductor  resistance  will  add  like  resistances  in  series.  However,  the  leakage 
resistances  will  decrease  and  would  be  given  by  the  reciprocal  relation. 
Total  conductor  resistance  =  0.7  +  0.5  —  1.2  £2 
If  R  is  the  combined  leakage  resistance,  then 

I  =  zL.  +  ,L       ••■  1  =  200  M  £2 
R     300  600 

(// )  In  this  case,  conductor  resistance  is  =  0.7  x  0.5/(0.7  +  0.5)  =  0.3.  £2  (approx) 
Insulation  resistance  =  300  +  600  =  900  M  £2 
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Example  5.24.  The  insulation  resistance  of  a  kilometre  of  the  cable  having  a  conductor  diameter 
of  1.5  Cm  anil  cm  insulation  thickness  of  1.5  cm  is  500  M  ft  What  would  be  the  insulation  resistance 
ij  the  thickness  of  the  insulation  were  increased  to  2.5  cm  ? 

(Communication  Systems,  Hyderadud  Um'v.  1992) 
Solution.  Hie  insulation  resistance  of  a  cable  is 

2.3  p  . 

First  Case  R  =  -^zf  logt0  (r^r,) 

r,  =  1 .5/2  =  0.75  cm  ;  r,  =  0.75  +  1 .5  =  2.25  cm 

.-.    /V>',  =  2.25/0.75  =  3  :  logm  (3)  =  0.4771    .-.     500  =  |*£  x0.4771  ■■(') 

2  R  I 

Second  Case 

r,  =  0.75  cm  -  as  before  r1  =  0.75  +  2.5  =  3.25  cm 

r,/r,  =  3.25/0.75  =  4.333  ;  log1()  (4.333)  =  0.6368    ,\     R  =  ^£x0.6368  ...(«) 

Dividing  Eq.  07)  by  Eq.  (1),  we  get 
R  0.6368 


500  0.4771 


:  R  =  500  x  0.6368  /  0.477 1  =  667.4  M 


5.15.  Energy  Stored  in  a  Capacitor 

Charging  of  a  capacitor  always  involves  some  expenditure  of  energy  by  the  charging  agency. 
This  energy  is  stored  up  in  the  electrostatic  field  sel  up  in  the  dielectric  medium.  On  discharging  the 
capacitor,  the  field  collapses  and  the  stored  energy  is  relesed. 

To  begin  with,  when  the  capacitor  is  uncharged,  little  work  is  done  in  transferring  charge  from 
one  plate  to  another.  But  further  instalments  ut  charge  have  to  be  carried  against  the  repulsive  force 
due  to  the  charge  already  collected  on  the  capacitor  plates.  Let  us  find  the  energy  speni  in  charging 
a  capacitor  of  capacitance  C  to  a  voltage  V. 

Suppose  at  any  stage  of  charging,  the  p.d.  across  the  plates  is  v.  By  definition,  il  is  equal  lo  the 
work  done  in  shifting  one  coulomb  from  one  plate  to  another.  If  'da'  is  charge  next  transferred,  the 
work  done  is 

dW  ~  v.ikj 

Now  q  =  CV    .-.    dq  =  C.dv    :.    dW  =  Cv.dv 

Total  work  done  in  giving  V  units  of  potential  is 


W  =        Crxiv  =  C 


w=]-cv: 


If  C  is  in  farads  and  \'  is  in  volts,  then  IV  =  —  CV1  joules  =-^QV  joules  -  joules 

If  Q  is  in  coulombs  and  C  is  in  farads,  the  energy  stored  is  given  in  joules. 

1  1 

Mate  i  As  seen  from  above,  energy  stored  in  a  capacitor  is  £  =—  CV 

Now.  for  a  capacitor  of  plate  area  A  m"  and  dielectric  of  thickness  d  metre,  energy  per  unit  volume  of 
dielectric  medium. 

_icV_iea  y*i  fvif  =  iE£2=iD£  =  D2/2£j0U]es/mH 


2  Ad      2  d  '  Ad     2    [ d  )     2  2 

It  will  be  noted  that  the  formula  A  DE  is  similar  to  the  expression  \  stress  x  strain  which  i-  used  lor 
calculating  die  mechanical  energy  stored  per  unit  volume  of  a  body  subjected  to  elastic  stress. 


It  is  similar  to  the  expression  lor  the  energy  stored  per  unit  volume  ol  a  inagenctic  field 
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Example  5.25.  Since  a  capacitor  con  store  charge  just  like  a  lead-m  id  hotter):  it  can  be  used 
at  least  theoretically  as  an  electrostatic  battery.  Calculate  the  capacitance  of  12-V  electrostatic 
battery  which  the  tame  capacity  as  a  40  Ah,  12  V  lead-acid  battery. 

Solution.  Capacity  of  the  lead-acid  battery  =  40  Ah  =  40  x  36  As  =  [44000  Coulomb 

Energy  stored  in  the  battery  =  QV  =  144000  x  12  =  1.728  x  106  J 

Energy  stored  in  an  electrostatic  battery  =  ^  CV" 

--.    ^-xCxl22  =  1.728xl06  .*.  C  =  2.4x  104  F  =  24 kF 
2 

Example  5.26.  A  capacitor-type  stored-energ\  welder  is  to  deliver  the  same  heat  to  a  single 
weld  as  a  conventional  welder  that  draws  20  kVA  at  0.8  pffor  0.0625  second/weld.  IfC  =  2000  pF. 
find  the  voltage  to  which  it  is  charged.  (Power  Electron  its,  A.M.I. E.  Sec  B.  1993) 

Solution.  The  energy  supplied  per  weld  in  a  conventional  welder  is 

W  «  VA  X  cos    x  time  =  20.000  x  0.8  x  0.0625  =  1000  J 
Now,  energy  stored  in  a  capacitor  is  (1/2)  CV 


w=    >CV2orV  =  J^=  U^M_=I«»V 
2  V  C  V2000XIQ-6 


Example  5.27.  A  parallel-plate  capacitor  is  charged  to  50  \lC  at  150  V.  //  is  then  connected  to 
another  capacitor  of  capacitance  4  times  the  capacitance  of  the  first  capacitor.  Find  the  loss  of 
energy.  (Elect.  Engg.  Aligarh  Univ.  1989) 

Solution.  C,  =  50/150  =  1/3  pF  ;  C2  =  4  x  1/3  =  4/3  pF 
Before  Joining 

£,  =  Iqy^Ixfl  j  I0"6x  I50!=37.5x10-4  J;£2  =  0 
Total  energy  =  37.5  x  10" 4  J 

After  Joining 

When  the  two  capacitors  are  connected  in  parallel,  the  cahrge  of  50  p  C  gets  redistributed  and 
the  two  capacitors  come  to  a  common  potential  V. 

total  charge     _         50  pC         -  30  V 
total  capacitance  ~  [(1/3)  +  (4/3)]  p  F 


V  = 


£    =  1  x  (1/3)  x  10~6  x  302  =  1 .5  x  10  4  J 
I  9 


E7  =  ~  x  (4/3)  xl0~6x3O2  =  6.0x10  4  J 


Total  energy  =    7.5  x  10  4  J  ;  Loss  of  energy  =  (37.5  -  7.5)  x  10  4  =  3  x  l(f 1  J 

The  energy  is  wasted  away  as  heat  in  the  conductor  connecting  the  two  capacitors. 

Example  5.28.  An  air-capacitor  of  capacitance  0.005  p  F  is  connected  to  a  direct  voltage  of 
500  V,  is  disconnected  and  then  immersed  in  oil  with  a  relative  permittivity  of  2.5.  Find  the  energy 
stored  in  the  capacitor  before  and  after  immersion.  (Elect.  Technology  :  London  Univ.) 

Solution.  Energy  before  immersion  is 

E.  =  -CV2  =^x0.005xI0"t'x5002=  625  x  10"*  J 
1       2  2 

When  immersed  in  oil,  its  capacitance  is  increased  2.5  limes.  Since  charge  is  constant,  voltage 
must  become  2.5  times.  Hence,  new  capacitances  is  2.5  x  0.005  =  0.0125  pF  and  new  voltage  is 
500/2.5  =  200  V. 


E2  =  ^x0.0125xl0    x(200r=  2511  x  10  J 
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Example  5.29.  -I  parallel-plate  air  capacitor  is  charged  to  100  V.  Its  plan-  \eparation  is  2  mm 
and  the  area  <;/  each  at  its  plates  is  I2<>  cut'. 

Calaculatc  and  account  for  the  increase  or  decrase  of  stored  energy  when  plate  separation  is 
reduced  to  I  mm 

(a)  at  constant  voltage  ih)  at  constant  charge 

Solution.  Capacitance  is  the  first  case 

e0^_O54xlQ-'2xl20xlQ-4  ,_.._-,:„ 

C,  =  -~— =  =  53.1x10  F 

a  2x10  3 

Capacitance  in  the  second  case  i.e.  with  reduced  spacing 


=  8.854X10-^X120X10- =1062x|r,F 
1x10" 

la)  When  Voltage  is  (  oust ant 

Change  in  stored  energy    dE  =      C,V2  -  —  C2V2 

=  yX  1002x (106.2 -53. 1)  x  I0-12  =  26.55  x  10""  J 

This  represents  an  increase  in  the  energy  of  the  capacitor.  This  extra  work  has  been  done  by  the 
external  supply  source  because  charge  has  to  be  given  to  the  capacitor  when  its  capacitance  increases, 
voltage  remaining  constant. 

(/»)  When  Charge  Remains  Constant 

I  Q1  2 
Energy  in  the  first  case      £,  =  ~2~q~  '  Energy  in  the  second  case,  Ey  =  —  — 

.-.    change  in  energy  is    dE  =  \  Q2  f  ~  -  -^—r  jx  I012  J 


2*  ^53.1  106.2 

=  ^(53.1xl0-|2)2xl04x0.0094xl012 
=  13J  x  10"  8  joules 

Hence,  there  is  a  decrease  in  the  stored  energy.  The  reason  is  that  charge  remaining  constant, 
when  the  capacitance  is  increased,  then  voltage  must  fall  with  a  consequent  decrease  in  stored  energy 

<E  =  \QV) 

Example  5.30.  A  point  charge  of  100  |iC  is  embedded  in  an  extensive  mass  of  hakelite  which 
has  a  relative  permittivity  of  5.  Calculate  the  total  energy  contained  in  lite  electric  field  outside  a 
radial  distance  of  ii)  100  m  {1ft  10  m  (Hi)  I  m  and  fiv)  I  cm. 

Solution.  As  per  the  Coulomb's  law,  the  electric  field  intensity  at  any  distance  x  from  the  point 
charge  is  given  by  E  =  Q/4  K  e  x  .  Let  us  draw  a  spherical  shed  of  radius  x  as  shown  in  Fig.  Another 
spherical  shell  of  radius  (x  +  dx)  has  also  been  drawn.  A  differential  volume  of  the  space  enclosed 
between  the  two  shells  is  dv  =  4  n  x1  dx.  As  per  Art.  5. 1 5,  the  energy  stored  per  unit  volume  of  the 
electric  field  is  (1/2)  DE.  Hence,  differential  energy  contained  in  the  small  volume  is 


dW  =  4  DE  dv  =  ]-  £  E2  dv  ~  ]- 1 
2  2  2 


4  It  £  r" 


4  jc  x~  dx  =     — .  — 

X 
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Total  energy  of  the  electric  field  extending  from  x  -  R  to  x  =  °°  is 

8  n  e  Jjf  8  Ji  e  R    8  n  e0  er  /? 

(/ )  The  energy  contained  in  the  electic  field  lying  outside  a  radius  of  R  =  100  m  is 

aooxio"*)2 

IV  =   ~  —  =  0.90  ,1 

8  irx  8.854x10     x  5x100 

Hi)  For  R  =  10  m.  U  =  1 0  x  0.09  =  0.(»9  J 

(fiT)  Fur  R  =  1  m.  IV  =  100  x  0.09  =  9  J 

(fv)  For  R  ■  I  cm,  IV  =  10.000  x  0.09  =  900  J 

Example  5.31.  Calculate  the  Change  in  the  stored  energy  of*  paraltcl-plate  capacitor  it  0 
dielectric  sltih  of  relative  permittivity  5  is  introduced  between  its  two  plates. 

Solution.  Let  A  be  the  plate  area,  d  the  plate  separation.  E  the  electric  field  intensity  and  D  the 
electric  flux  density  of  the  capacitor.  As  per  An.  5.15,  energy  stored  per  unit  volume  of  the  field  is 
=  1 1/2)  DE.  Since  the  space  volume  is  tl  x  A.  hence, 

\\\  =  |D,£,x<i4  =  |  e()£f  x  dA  =  |  e0  dA  f 


When  the  dielectric  slab  is  introduced, 

H\  =   \  D2E2  x  dA  =t-|  e  £,2  xeM  =  -- e0  e,  <M 


4 


i  f  v  1 


e.      -  e. 


It  is  seen  that  the  stored  energy  is  reduced  by  a  factor  of  £f.  Hence,  change  in  energy  is 

dw  =  w,  -  iv  =  w,  f  I  - 1 U  w,  [  i  -  L  y  Wt  x  |  .-.  ^  =  BJ 

Example  5.32.  M'/m-h  «  capacitor  C  charges  through  a  resistor  R  from  o  (i.e.  source  voltage  E. 
determine  the  energy  appearing  as  heat.  |  Bombay  University.  20(H)] 

Solution.  R-C  series  ciruil  switched  on  to  a  d.c.  Source  of  voltage  E.  at  t  =  0,  results  into  a 
current  i  (/).  given  by 

f'(/)  =  (FJR)  e~'h 
where  t  =  RC 

A  Wj>  =  Energy  apperaring  as  heal  in  time  At 
=  tRAl 

A  WR  -  Energy  appearing  as  heal  in  time  Ar 
=  f-RAt 

wn  =  R  f  r  dt 

=  R(EIRV  f"  =\CE2 
Ju  2 

Note  :  Energy  stored  by  the  capacitor  at  the  end  of  charging  process  =  1/2  Ch~ 
Hence,  energy  received  from  the  source  —  CF. 


Capacitance 

5.16.  Font'  of  Attraction  Between  Oppositely-charged  Plates 

In  Fig  5.28  are  shown  two  parallel  conducting  plates  A  and  B 
carrying  constant  charges  of  +  Q  and  -  Q  coulombs  respectively.  Let 
the  force  of  attraction  between  the  two  he  F  new  tons.  If  one  trf  the 
plates  is  pulled  apart  by  distance  dx,  then  work  done  is 

=  F  x  tir  joules  ...(/) 
Since  the  plate  charges  remain  constant,  no  electrical  energy 
comes  into  the  arrangement  during  the  movement  dx. 
.■.    Work  done  =  change  in  stored  energy 

Initial  stored  energy  =  ^  joules 
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A 


Kb  i 


If  capacitance  becomes  i  C  -  dC)  due  to  the  movement  dx.  then 

1  Q1     _  1  Q2       I         I  Q 

2  (C  -  dC)    2  '  C 


Final  stored  energy  = 


1- 


dC 


1  Q- 


:.    Change  in  stored  enersv  =  -  —  I  +  — 
-     2  C  {  C 

Equating  Eq.  li)  and  <//).  we  have  F.dx 


\ 

dC 


2  C 


dC 
C 


Fig.  5.28 


if  dC  «  C 


2  C 


\K.dc 

2  C" 


...(H) 


F  =  r 


dC  _  I  v2  dC 
dx     2      '  dx 


(v  V=Q/C) 


Now 


C  = 


f  =  -\y 


d€_ 
dx  ~ 

-1.* 


£  .4 


new  tons  =  -  -  E  A  E  newtons 


C 
\_Q- 

2-c2 

E  A 
X 

jc 

This  represents  the  force  between  the  plates  of  a  parallel-plate  capacitor  charged  to  a  p.d.  of  V 
volts.  The  negaitve  sign  showns  thai  it  is  a  force  Of  attraction. 

F.xample  5.33.  A  pa  rid  lei -plan  capacitor  is  made  of  plates  I  m  square  mid  has  a  separation  of 
I  MM  The  spate  between  the  plates  is  filled  with  dielectric  of  Er  =  25.0.  If  I  k  V  potential  difference 
is  applied  to  the  plates,  find  thejorce  squeezing  the  plates  together. 

(Electromagnetic  Theory,  A.M.I.E.  Sec  B.  19931 

Solution.  As  seen  from  Art.  S.  16.  F  =  -  ( 1/2)  En  e  AFT  newton 


Now  E=  Vid=  1000/1  x  10"  =  10 
1 


'  V/m 


F  = 


AE  = 


^x8.S54xlO  Ux25xlX«0*)2  = 


1.1x10  N 


Tutorial  I'orblems  No.  5.2 


l«  Find  the  capacitance  per  unit  length  of  a  cylindrical  capcitor  of  which  the  two  conductors  have  radii 
2.5  and  4.5  cm  and  dielectric  consists  <>l  two  layers  whose  cylinder  of  fontanel  is  1.5  cm  in  radius,  the 
inner  layer  having  a  dielectric  constant  of  4  and  ihe  outer  one  of  6.  \44B  pF/m| 

2.    \  parallel-plate  capacitor,  having  plates  100  cm"  area,  has  three  dielectrics  I  mm  each  and  ot 
permittivities  3.  4  and  f>.  II  a  peak  voltage  of  2,000  V  is  applied  to  the  plates,  calculate 
(cil  potential  gradient  across  each  dielectric 
energy  stored  in  each  dielectric. 

18.89  kV/cm:  6.67  kV/cm  ;  4.44  k\7cm  J  1047.  786.  524  x  HF 7  joule | 
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3.  The  core  and  lead-sheath  of  a  single-core  cable  are  separated  by  a  rubber  covering.  The  cross- 
seciuonal  area  of  the  core  is  16  mnT.  A  voltage  of  10  kV  is  applied  to  the  cable.  What  must  be  the 
thickness  of  the  rubber  insulation  if  the  electric  field  strength  in  it  is  not  to  exceed  6  x  106  V/m  ? 

|  2.5  mm  luppni\  l| 

4.  A  circular  conductor  of  1  cm  diameter  is  surrounded  by  a  onceniric  conducting  cylinder  having  an 
inner  diameter  of  2.5  cm.  If  the  maximum  electric  stress  in  the  dielectric  is  40  kV/cm,  calculate  the 
potential  difference  between  the  conductors  and  also  the  minimum  value  of  the  electric  stress. 

[18.4  kV  j  lb  kV7cm| 

5.  A  multiple  capacitor  has  parallel  plates  each  of  area  12  cm"  and  each  separated  by  a  mica  sheet 
0.2  mm  thick.  If  dielectric  constant  for  mica  is  5.  calculate  the  capacitance.  1 265.6  (ip.FI 

6.  A  p.d.  of  10  kV  is  applied  to  the  terminals  of  a  capacitor  of  two  circular  plates  each  having  an  area  of 
100  sq.  cm.  separated  by  a  dielectric  1  mm  thick.  If  the  capacitance  is  3  x  Hi  microfarad,  calculate 
the  electric  flux  density  and  the  relative  permittivity  of  the  dielectric. 

ID  =  3  x  I0"4  C/m\  er=  3.39|  (City  &  Guilds.  London) 

7.  Each  electrode  of  a  capacitor  of  the  electrolytic  type  has  an  area  of  0.02  sq.  metre.  The  relative 
permittivity  of  the  dielectric  film  is  2.8.  If  the  capacitor  has  a  capacitance  of  10  uR  estimate  the 
thickness  of  the  dielectric  film.  [4.95  x  I0~8  ml  (I.E.E.  London) 

5.17.  Current-Voltage  Relationships  in  a  Capacitor 

The  charge  on  a  capacitor  is  given  by  the  expression  Q  =  CV.  By  differentiating  this  relation,  we 

dQ     d  ,„ln    r  dV 
get  i  =  ~-  =  ~(CV)  =  C—r 

dt     dt  dt 

Following  important  facts  can  be  deduced  from  the  above  relations  : 

(i)  since  Q  =  CV.  it  means  thai  the  voltage  across  a  capacitor  is  proportional  to  charge,  not  the 
current. 

(ii)  a  capacitor  has  the  ability  to  store  charge  and  hence  to  provide  a  short  of  memory. 
(Hi)  a  capacitor  can  have  a  voltage  across  it  even  when  there  is  no  current  flowing. 

(iv)  from  i  =  c  dV/dt.  it  is  clear  that  current  in  the  capacitor  is  present  only  when  voltage  on  it 
chages  with  time.  If  dV/dt  =  0  i.e.  when  its  voltage  is  constant  or  for  d.c.  voltage,  i  =  0. 
Hence,  the  capacitor  behaves  like  an  open  circuit. 

(v)  from  i  =  C  dV/dt.  we  have  dV/dt  =  i/C.  It  shows  that  for  a  given  value  of  (charge  or 
discharge)  current  i,  rate  of  change  in  voltage  is  inversely  proportional  to  capacitance. 
Larger  the  value  of  C,  slower  the  rate  of  change  in  capacitive  voltage.  Also,  capcitor  voltage 
cannot  change  instantaneously. 

(  vi)  the  above  equation  can  be  put  as  dv  =     .  dt 


Integrating  the  above,  we  get  f  dv  =  —  \i .  dt  or  dv  =  —  f  i  dt 

J       C  J  C  Jo 


Example  534.  The  voltage  across  a  5  [if  capacitor  changes  uniformly  from  10  to  70  V  in  5  ms. 
Calculate  ii)  change  in  capacitor  charge  Hi)  charging  current. 

Solution.  Q  =  CV    .:  dQ  =  C  .  dV  and  i  =  C  dV/dt 

(i)  dV  =  70-  10  =  60  V.    ,\    dQ  =  5  x  60  =  300  u.  C  . 

07)  i  =  C  .dV/dt  =  Sx  60/5=  60  mA 

Example  5.35.  An  uncharged  capacitor  of  0.01  F  is  charged  first  by  a  current  of  2  mA  for  JO 
\econds  and  thc\  hv  a  current  of  4  mA  for  JO  seconds.  Find  the  final  voltage  in  it. 

Solution.  Since  the  capacitor  is  initially  uncharged,  we  will  use  the  principle  of  Superposition. 


clO"3x3 


1  f30 

=  —  2x1 

0.01  Jo 
2 "  0.01  Jo 


3Q 

~  4xl0~\d/  =  100x4xl0~3x30  =  12  V;  .-.  V  =  V.  +  V,  =6  +  12  =  18  V 
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Example  5.3ft.  Tin  voltage  across  iwa  series-connected  10  u  F  capacitors  changes  uniformly 
from  JO  to  150  V  in  I  ms.  Calculate  the  rale  of  change  of  voltage  for  (»)  each  capacitor  and 
07 1  combination. 


Solution.  For  series  combination 

C, 


V,  =  V 


c+cr^dv^v 


-\  


2V 


When  V  ■  30  V  V, 
When  V  =  150  V  V, 

tlVy 


(i) 


V/3  =  30/3  =  10  V  ;  V,  =  2V/3  =  2  x  30/3  =  20  V 
150/3  =  50  V  and  V2  =  2  x  150/3  =  100  V 
(50-10)      ,»,.„„_  .</Vz  =  (100-20)V 


(f'O 


1  m\ 
(150-30) 

i  HIS 


40  kV/s 


1  ms 


=  80  k\7s 


=  120kV/s 


Ii  is  seen  iliat  dV/di  =  dVJdt  +  dVJdt. 

5.18.  Charging  at'  a  Capacitor 

In  Fig.  5.29.  (a)  is  shown  an  anangement  by  which  a  capacitor  C  may  be  charged  through  a  high 
resistance  R  from  a  battery  of  V  volts.  The  voltage  across  C  can  be  measured  by  a  suitable  voltmeter. 
When  switch  S  is  connected  to  terminal  (a),  C  is  charged  but  when  it  is  connected  to  h,  C  is  short 
circuited  through  R  and  is  thus  discharged.  As  shown  in  Fig.  5.29.  (b).  switch  S  is  shifted  to  a  for 
charging  the  capacitor  for  the  battery.  The  voltage  across  C  does  not  rise  to  V  instantaneously  but 
builds  up  slowly  i.e.  exponentially  and  not  linearly.  Charging  current  j.  is  maximum  at  the  start  i.e. 
when  C  is  uncharge,  then  it  decreases  exponentially  and  finally  ceases  when  p.d.  across  capacitor 
plates  becomes  equal  and  opposite  to  the  battery  voltage  V.  At  any  instant  during  charging,  let 
V  =  p.d.  across  C;  i  =  charging  current 
q  =  charge  on  capacitor  paltes 


R 


C 

H  i- 


o  b 


I 


o 
at 

a 

u 

v  52 
o 


.1 


R 


c 


Oh 


A©  T* v 


Fig.  5.29 

The  applied  voltage  V  is  always  equal  to  the  sum  of  : 

(/)    resistive  drop  (/.  R)  and  (ii)  voltage  across  capacitor  (v  ) 

V  =  i,R+v 


Now 


or 


dq  _  J 


dt     dt      r  dt 
dt_ 
CR 


V  =  V  +  CR 


d\\. 
~d~t 


...(/) 
...(ii) 


I"  d  V         i    r  i 

Integrating  both  sides,  we  get  J  —  -  =  -       J  dt :  .:  \ogc  (V  -  v.)  =         +^  .«(///) 

where  K  is  the  constant  of  integration  whose  value  can  be  found  from  initial  known  conditions.  We 
know  that  at  the  start  of  charging  when  /  =  0,  v.  =  0. 
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Substituting  these  values  in  {Hi),  we  get  logf  V  =  K 
Hence,  Eq.  (Hi)  becomes  logf  (V  -  vc)  -       +  logr  V 


ur 


V  —  v  —  t  [ 

logt  — =  — —  =  -  .  -  where  X  =  CR  =  time  constant 
V  Lxt  A. 


V  -  v. 


=  e~'    or  v  ~V  (1  — *""*) 


..(iv) 


This  gives  variation  with  time  of  voltage  across  the  capacitor  plates  and  is  shown  in  Fig.  5.27.(tj) 


Now 


ri 

 y 

/ 1 

/ 

(a) 

it 

0.371 

-  i   u  — 

\ 

\\ 
\\ 

0 

to 

Fig.  5.30 

r,   =  <//C   and    V=  t?/C 


Equation  (iv)  becomes  ^  =  0-  (1  -  e~ )  .\  </  =  2  (1  -  e"1*) 


We  find  that  increase  of  charge,  like  growth  of  potential,  follows  an  exponential  law  in  which 
the  steady  value  is  reached  after  infinite  time  (Fig.  5.30  b).  Now,  I  =  dq/tli. 
Differentiating  both  sides  of  Eq.  (V),  we  get 


Q  -a   cv  -a 

~  X  CR 

V     -in.  .  -uk 

i    =  —  . e       or  i.  =  l„e 

R  r  " 


(V  Q  =  CVandX=CR) 
...(vi) 


where  /0  ■  maximum  current  -  V/R 
Exponentially  rising  curves  for 
5.30  (c)  shows  the  curve  for  expone 
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noted  thai  i(  decreases  in  magnitude  only  but  its  direction  of  flow  remains  the  same  i.e.  positive. 

As  charging  continues,  charging  current  decreases  according  to  equation  (vi)  as  shown  in  Fig. 
5.30  (c).  It  becomes  zero  when  t  =  ~>  (though  it  is  almost  zero  in  about  5  time  constants).  Under 
steady-state  conditions,  the  circuit  appears  only  as  a  capacitor  which  means  it  acts  as  an  open-circuit. 
Similarly,  it  can  be  proved  thai  vs  decreases  from  its  initial  maximum  value  of  Vto  zero  exponentially 
as  given  by  the  relation  vR  =  Ve'^. 

5.V).  Time  Constant 

(a)  Just  at  the  start  of  charging,  p.d.  across  capacitor  is  zero,  hence  from  (if)  putting  vr  =  0,  we  get 

dv 

V  =  CR-± 
dt 

(dv^\ 

d! 


initial  rate  of  rise  of  voltage  across  the  capacitor  is*  = 


n 


V  V 

—  =  —  volt/second 
CR  X 


If  this  rate  of  rise  were  maintained,  then  time  taken  to  reach  voltage  V  would  have  been 
V  +  V/CR  =  CR.  This  time  is  known  as  time  constant  (K)  of  the  circuit. 

Hence,  time  constant  of  an  R-C  circuit  is  defined  as  the  lime  during  which  voltage  across  capacitor 
would  have  reached  its  maximum  value  V  had  it  maintained  its  initial  rate  of  rise. 

(b)  In  equation  (iv)  if  ( =  X,  then 


-  A 


v  =  V  (1 -«?""*)  =  V  <l-e~f/?l)  =  V(1 


')  =  V 


(      2.718  J 


=  0.632  V 


Hence,  time  constant  may  be  defined  as  the  time  during  which  capacitor  voltage  acually  rises  to 
0.632  of  its  final  steady  value. 

(c)  From  equaiton  (vi),  by  putting  t  =  X,  we  get 


Ml 


(r  =  l0e  -  =l0e~'  =  /„/2.718  =  0.37/0 
Hence,  the  constant  of  a  circuit  is  also  the  time  during  which  the  charging  current  falls  to  0.37 
of  its  initial  maximum  value  (or  falls  by  0.632  of  its  initial  value). 

5.21).  Discharging  of  a  Capacitor 

As  shown  in  Fig.  5.3 1  (a),  when  S  is  shifted  to  b,  C  is  discharged  through  R.  U  will  be  seen  that 
the  discharging  current  flows  in  a  direction  opposite  to  thai  the  charging  current  as  shown  in  Fig. 
5.3 1  ib).  Hence,  if  the  direction  of  the  charging  current  is  taken  positive,  then  that  of  the  discharging 
current  will  be  taken  as  negative.  To  begin  with,  the  discharge  current  is  maximum  but  then  decreases 
exponentially  till  it  ceases  when  capacitor  is  fully  discharged. 


 v 


la  I 


(ft) 


Fig.  531 

Since  battery  is  cut  of  ihe  circuit,  therefore,  by  putting  V  =  0  in  equaiton  (if)  of  Art.  5. 1 8,  we  gel 


dv  dv 
0  =  CR-±  =  vc  or  v  =-CR— f- 
dt      c        r  dl 


li  can  ulsr>  be  found  by  differentiating  Ei|  (ft  I  with  respect  to  time  and  then  putting  /  a  0. 
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Aor  r*t..xf*A  log 

cv?     J  v      cr  J        6c  1  a? 


Ai  the  start  of  discharge,  when  t  =  0,  vr  =  :.  log,  V=  0  +  K  ;  or  log,,  V=  A- 

c 


R 

■  W- 


Putting  this  value  above,  we  get 


to 


INPUI 


U-i 


2>. 


I 


or 


Similarly 


log, v.. 

t 

-  X 

VV 

-  //X 

V 

=  e 

y.  q 

=  Q  f 

JV 


-tlk 


or 


ifK 


i,  -jWL 
=  Ve 

c 

and    /  =-/,.(•" 


/A 


I 


I 


4X 
1 
I 


It  can  be  proved  that 


-  Ve 


The  fall  of  capacitor  potential  and  its  dischargining  current 
are  shown  in  Fig.  5.32  (b). 

One  practical  application  of  the  above  charging  and 
discharging  of  a  capacitor  is  found  in  digital  control  circuits 
where  a  square-wave  input  is  applied  across  an  R-C  circuit  as 
shown  in  Fig.  5.32  (a).  The  different  waveforms  of  the  current 
and  voltages  are  shown  in  Fig.  5.32  (b),  (c),  (d),  (e).  The 
sharp  voltage  pulses  of  VR  are  used  for  control  circuits. 

Example  537.  Calculate  the  current  in  and  voltage  drop 
HCrtiss  each  element  of  the  circuit  shown  in  Fig.  5.33  la)  after 
switch  S  has  been  closed  long  enough  for  steady-stale 
conditions  to  prevail. 

Also,  calcidtc  voltage  drop  across  the  capacitor  and  the  discharge  current  at  the  instant  when  S 
tS  opened 

Solution.  Under  steady-state  conditions,  the  capacitor  becomes  fully  charged  and  draws  no 
current.  In  fact,  it  acts  like  an  open  circuit  with  die  result  that  no  current  Hows  through  the  1-S2 


Fig.  5.32 


resistor.  The  steady  state  current  /vv  flows  through  loop  ABCD  only 

J, 


S 

-o-o- 


6 


100  V 


D 


Hence. 
Drop 


'SS 

V, 


Voltage  aCTOSS  the  capacitor 


Fig.  5.33 

=  100/(6 +  4)  =  10  A 

=  100  x  6/ffi  +  4)  =  60  V 

=  100  x  4/10  =  40  V 

=  Ox  2=0 V 

=  drop  across  B  -  C  -  40  \ 
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Switch  Open 

When  S  is  opened,  the  charged  capacitor  discharges  through  the  loop  BCFE  as  shown  in  Fig. 
5.33  (b).  The  discharge  current  is  given  by 

tD  =  40/(4  +  1 )  =  8  A 
As  seen,  it  flows  in  a  direction  opposite  to  that  of  1^. 

Example  5_38.  {a)  A  capacitor  is  charged  through  a  large  non-rective  resistance  by  a  battery 
of  constant  voltage  V.  Derive  an  expression  for  the  instantaneous  charge  on  the  capacitor. 

(b)  For  the  above  arrangement,  if  the  tapacitor  lias  a  capacitance  of  10  u.  F  and  the  resistance 
hi  HQ,  calculate  the  time  taken  for  the  capacitor  to  receive  90%  of  its  final  charge.  Also,  draw  the 
i  harge/time  cun'e. 

Solution,  (a)  For  this  part,  please  refer  10  Art.  5. 18. 

(b)  X  =  CR  =  10  x  10""  x  1  x  106  =  10  .v :  9  =  0.9  Q 

Now.  q  =  Q  ( 1  -  e' !n)    :.    0.9  Q  =  Q  ( 1  -  e~  "l0)  or  e'm  =  1 0 

.'.    0. 1  ( log,  e  =  log,  1 0    or    0. 1  t  =  2.3  lpgw  10  »  23    or    t  =  23  s 

The  charge/time  curve  is  similar  to  that  shown  in  Fig.  5.27  (b). 

Example  5.39.  A  resistance  R  and  a  4  [LF  capacitor  are  connected  in  series  across  a  200  V.  d.c. 
Utpply.  Across  the  capacitor  is  a  neon  lamp  tluit  strikes  {glows)  at  120  V.  Calaialtc  the  value  of  R 
to  make  the  lamp  strike  [glow)  5  seconds  after  the  switch  has  been  closed. 

(Electrotechnies-l.MJS.  Univ.  Baroda  1 988 1 

Solution.  Obviously,  the  capacitor  voltage  has  to  rise  120  V  in  5  seconds. 

.-.    120  =  200(1  -  e-5*)    or    e™  =  2.5    or    1  =  5.464  second. 

Now.   fc*Q?    .-.    R  =  5.464/4  x  I0"6  =  1J66MQ 

F.xample  5.40.  A  capacitor  of  0. 1  \lF  is  charged  from  a  100-V  batten-  through  a  series  resistance 
of  /, 000  ohms.  Find 

(«)  the  time  for  the  capacitor  to  receive  6.-J.2  %  of  its  final  charge, 
ib)  the  charge  received  in  this  time  (c)  the  final  rate  of  charging. 
I J I  the  rate  of  t  barging  when  the  charge  is  63.2%  of  the  final  cltarge. 

(Elect.  Engineering,  Bombay  Univ.  1985 ) 

Solution,  ia)  As  seen  from  Art.  5. 18  (/>),  63.2%  of  charge  is  received  in  a  time  equal  to  the  time 
constant  of  the  circuit. 

Time  required  =  \  =  CR  =  0.1  x  10"  b  x  1000  =  0. 1  x  10~3  =  10"  4  second 

(b)  Final  charge.  Q  ~  CV=  0. 1  x  100  =  10  (iC 

Charge  received  during  this  time  is  =  0.632  x  10  =  6.32  a  C 

(c)  The  rate  of  charging  at  any  lime  is  given  by  Eq.  (/'/')  of  Art.  5.18. 

dV  V-v 

dt     =  CR 

d  v         V  1 00 

Initially      v  =  0.  Hence  -r-  =  ~=  ~b  r=  Mr  V/s 

dt        CR    o.I x  10  6xt03 

(d)  Here  i>  =  0.632  V  =  0.632  x  100  =  63.2  volts 

dv       100  -  63.2 

—  =   1  =  368  k  V/s 

dt  10 

Example  5.41.  \  \cnc\  ■  ■  •nilunation  having  K  =  2  It  il  and  C  =  0.01  lit  U  count;  tad  <<«  mil 
a  d.c.  vidtage  source  of  50  V.  Determine 

la)  capacitor  voltage  after  0.02  s.  0.04  s,  0.06  s  and  /  hour 
(b)  charging  current  after  0.02  X.  0.04  s.  0.06  s  and  0. 1  s. 
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Solution.  \  =  CR  =  2  x  106  x  0.01  x  10" 6  =  0.02  second 

!m  =  V/R  =  50/2  x  106  «  25  uA. 
While  solving  ihis  question,  it  should  be  remembered  that  (/)  in  each  time  constant,  \\.  increases 
further  by  63.2%  of  its  balance  value  and  (it)  in  each  constant.  it  decreases  to  37%  its  previous  value. 
{a)  (i)  /  =  0.02  s 

Since,  initially  at  t  =  0,  v.  =  0  V  and  Vf  =  50  V,  hence,  in  one  time  constant 

vr  =  0.632  (50-0)  =31.6  V 

0V)  r  =  0.04  s 

This  time  equals  two  time-constants. 

vr  =  31.6 +  0.632  (50 -  31.6)  =  43.2  \ 

(Hi)  I  =  0.06  s 

This  lime  equals  three  time-constants. 

vr  =  43.2  +  0.632  (50  -  43.2)  =  47.  5  V 
Since  in  one  hour,  steady-state  conditions  would  be  established,  vc  would  have  achieved  its 
maximum  possible  value  of  5(1  V 

(b)     (0   t  -  0.02  s.         ir  =  0.37  x  25  =  9.25  |ftA 
(if)   /  ■  0.4  s.  ir  m  0.37  x  9.25  =  3.4  \l\ 

(Hi)    i  =  0.06  s,         it.  =  0.37  x  3.4=  1.26  p.A 

(iv)  /  =  0. 1  s.  This  time  equals  5  time  constants.  In  this  time,  current  falls  almost  to  zero 

value. 

Example  5.42.  A  voltage  as  shown  m  Fig.  5.43  in)  is  applied  to  a  series  circuit  consisting  oj  a 
resistance  of  2  LI  in  series  with  a  pure  capacitor  of  100  (if.    Determine  llw  voltage  ucmss  the 

[Bombay  University,  2000) 


capacitor  at  t 


0.5  millisecond. 
10  v 


0.2              0.4                 0.6  t(millisec) 

Fig.  5.34  (ai 


Solution. 


T  =  RC  =  0.2  milli-second 
Between  0  and  0.2  m  sec; 
v(t)  =  10  [1  -exp{-  (ft)] 
At  /  =  0.2,  v  (t)  =  6.32  volt; 
Between  0.2  and  0.4  m  Sec 


0T4  0.6     i  (mini  ^c) 

t   ►  (msec) 


Fig.  5.34  (b) 
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v  (*,)  =  6.32  exp  (/,/T) 

Al  point  B,  t,  =0.2,  V=  2,325 

Between  0.4  and  0.6  m  Sec,  time  is  counted  from  P  with  variable  as  r„ 

v  (/,)  =  2.325  +  (10  -  2.325)  [\  -  exp  (-  tjt)] 
At  C  f2  =  0.2,  V=  7.716  volts. 

5.21.  Transient  Relations  During  Capacitor  Charging  Cycle 

Whenever  a  circuit  goes  from  one  steady-state  condition  to  another  steady-state  condition,  it 
passes  through  a  transient  state  which  is  of  short  duration.  The  first  steady-state  condition  is  called 
the  initial  condition  and  the  second  steady-state  condition  is  called  the  final  condition.  In  fact, 
transient  condition  lies  in  between  the  initial  and  final  conditions.  For  example,  when  switch  S  in 
Fig.  5.35  (a)  is  not  connected  either  to  a  or  b,  the  RC  circuit  is  in  its  initial  steady  state  with  no  current 
and  hence  no  voltage  drops.  When  5  is  shifted  to  point  a,  current  starts  flowing  through  R  and  hence, 
transient  voltages  are  developed  across  R  and  C  till  they  achieve  their  final  steady  values.  The 
period  during  which  current  and  voltage  changes  take  place  is  called  transient  condition. 

"Die  moment  switch  S  is  shifted  to  point as  shown  in  Fig.  5.35  (ft),  a  charging  current  L  is  set 
up  which  starts  charging  C  that  is  initially  uncharged.  At  the  beginning  of  the  transient  state,  /  is 
maximum  because  there  is  no  potential  across  C  to  oppose  the  applied  voltage  V.  It  has  maximum 
value  =  V/R  =  /„.  It  produces  maximum  voltage  drop  across  R  =  it  R  =  /„/?.  Also,  initially,  r.  =  0,  but 
as  time  passes.  /(  decreases  gradually  so  does  Vg  but  v  increases  exponentially  till  it  reaches  tlit  final 
steady  value  of  V.  Although  V  is  constant,  vR  and  v€  are  variable.  However,  at  auv  time  V  =  rA.  +  v 
=  &  * 

At  the  beginning  of  the  transient  state,  ic  =  /„.  vc  =  0  but  vfi  =  V.  At  the  end  of  the  transient  state. 
ir  =  0  hence,  vK  =  0  but  v  ~  V. 


Fig.  5.35 

The  initial  rates  of  change  of  v;„  vs  and    are  given  by 


dt 


dt 

(di. 


Jt 


Jf  =  o 


Jr  =  a 


-r-  volt/second, 

A 


-\ — =  -  -T-  volt/second 

A.  K 


-f  where  /„  =— 


These  are  the  initial  rates  of  change.  However,  their 
rate  of  change  at  any  time  during  the  charging  transient 
are  given  as  under : 


Fig.  5.35 
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<K_    _    V    -4k.  dic  -  V  -'/X 

rff    ~  A.       '  (if  X, 
h  is  shown  in  Fig.  5.35  (c). 

It  should  he  clearly  understood  thai  a  negative  rate  of  change  means  a  decreasing  rate  of  change. 
It  does  not  mean  that  the  concerned  quantity  has  reversed  its  direction. 

5.22.  Transient  Relations  During  Capacitor  Discharging  Cycle 

As  shown  in  Fig.  5.36  (b).  switch  S  has  been  shifted  to  b.  Hence,  the  capacitor  undergoes  the 
discharge  cycle.  Just  before  the  transient  state  starts,  i  =  0,  vfi  =  0  and  v.  =  V.  The  moment  transient 
state  begins,  f  has  maximum  value  and  decreases  exponentially  to  zero  at  the  end  of  the  transient 
state.  So  docs  vr  However,  during  discharge,  all  rates  of  change  have  polarity  opposite  to  that 
during  charge.  For  example,  dv/di  has  a  positive  rate  of  change  during  charging  and  negative  rate  of 
change  during  discharging. 

n  ic 


Fig.  5.36 

Also,  it  should  be  noted  that  during  discharge,  v  maintains  its  original  polarity  whereas  reverses 
its  direction  of  flow.  Consequently,  during  capacitor  discharge.  \<R  also  reverses  its  direction. 
The  various  rates  of  change  at  any  time  during  the  discharge  transients  are  as  given  in  Art. 

dvc  V  -jft  „  4ic  _  Iq  -in.  <ivR  _  V  -iA 

dt    ~     Xe     "  dt     Xe     '  dt     X  e 
These  are  represented  by  the  curves  of  Fig.  5.32. 

5.23.  Charging  and  Discharging  of  a  capacitor  with  Initial  Charge 

In  Art.  5.18.  we  considered  the  case  when  the  capacitor  was  initially  uncharged  and  hence,  had 
no  voltage  across  it.  Let  us  now  consider  the  case,  when  the  capacitor  has  an  initial  potential  of  V(l 
'  less  than  V)  which  opposes  the  applied  battery  voltage  V  as  shown  in  Fig.  5.37  (a). 

As  seen  from  Fig.  5.37  (b),  the  initial  rate  of  rise  of  v,  is  now  somewhat  less  than  when  the 


(  apaeitatiee 
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capacitor  is  initially  uncharged.  Since  the  capacitor  voltage  rises  from  an  initial  value  of  v0  to  the 
final  value  of  V  in  one  time  constant,  its  initial  rate  of  rise  is  given  by 


(dv\  V-yQ^V-V0 


Fig.  5J7 


The  value  of  the  capacitor  voltage  at  any  time  during  the  charging  cycle  is  given  by 


ve  =  {V-Va){l-e-,tk)+  V0 


a  Vs 

-o  r^> — aw- 

t  =0  R 


.0 


-v. 


Fig.  5.38 

However,  as  shown  in  Fig.  5.38  {a),  if  the  inital  capacitor  votlage  is  negative  with  respect  to  the 
battery  votlage  i.e.  the  capacitor  vodage  is  seriesaiding  the  battery  voltage,  rale  of  change  of  vt.  is 
steeper  than  in  the  previous  case.  It  is  so  because  as  shown  in  Fig.  5.38  (h),  in  one  time  period,  the 
voltage  chage  =  V  —  (—  V^)  =  (V+  V„).  Hence,  the  initial  rate  of  change  of  voltage  is  given  by 


^k]        v  +  v{t  =  v  +  v0 

dt  l__Q  X     ~  RC 


The  value  of  capacitor  voltage  at  any  time  durign  the  charging  cycle  is  given  by 


vr  =  (V+V0)(t-t--'A)-V0 
The  time  required  for  the  capacitor  voltage  to  attain  any  value  of  iv.  during  the  charging  cycle  is 
given  by 


i  =  Xln 


Xln 


V  -  v 


V~v, 


=  RCln 


=  RC  In 


V  -V, 


V  -  v. 


V  -  V 


when  V„  is  positive 


when  Vt)  is  negative 


Example  S.43.  In  Fig.  5.J9.  the  cqparitfrr  is  initially  uncharged  and  the  switch  S  is  then  closed. 
Find  the  vlaues  of  /.  /,,  h  and  the  voltage  at  the  point  A  at  the  start  and  finish  of  tlie  transient  state 
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-  12V 


6NF 


Fig.  5.39 
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Solution.  At  the  moment  of  closing  the 
switch  i.e.  at  the  start  of  the  transient  state,  the 
capacitor  acts  as  a  short-circuit.  Hence,  there  is 
only  a  resitance  of  2  in  the  circuit  because 
I  S2  resistance  is  shorted  out  thereby  grounding 
point  A.  Hence,  /,  =  0:  /  =  /,  =  12/2  =  6A. 
Obviously,  VA  =  0  V. 

At  the  end  of  the  transient  state,  the 
capacitor  acts  as  an  open-circuit.  Hence, 

A,  =  0  and/  =  /,  =  12/(2+  I) 
=  4  A.  V,  =  6  V. 

Example  5.44.  Calculate  the  values  of  f>  iP  w,  r»  Krf  V.  and  v,  of  the  network  shown  in  Fig, 
$.40  at  she  following  times  : 

{»)  At  time,  t  =  0  +  immediately  after  the  switch  S  is  closed  ; 

Hi)  At  tone,  t  — >  •»  i.e.  in  the  steady  state.     (Network  Analysis  AMIE  Sec.  B  Winter  19*>0) 

Solution,  (i)  In  this  case  the  coil  acts  as  an  open 
circuit,  hence  L  =  0  ;  v,  =  0  and  v,  =  20  V. 

Since  a  capacitor  acts  as  a  short  circuit  i"3  =  20/(5  +  4) 
=  9  =  20/9  A.  Hence,  v3  =  (20/9)  x  4  =  80/9' V  and  vc  =  0. 

{it)  Under  steady  stale  conditions,  capacitor  acts  as 
an  open  circuit  and  coil  as  a  short  circuit.  Hence,  i2  =  20/ 
(5  +  7)  =  20/12  m  5/3  A;  v,  =  7  x  5/3  A;  v2  =  7  x  5/3  =  35/ 
3  V:  vL  =  0.  Also  i3  =  0.  v3  =  0  but  vc  =  20  V. 

Example  5.45.  //  in  the  RC  circuit  of  Fig-  5.36: 
R  =  2  MLIC  =  5mFandV  =  100  V.  calculate 

(a)  initial  rate  of  change  of  capacitor  voltage 
ib\  initial  rate  of  change  of  capacitor  current 


Fig.  5.40 


(r)  initial  rate  of  change  of  voltage  across  the  2  M  Q  resistor 
id)  all  of  the  above  at  t  =  80  s. 

( dv.  ^ 


Solution,  (a) 

(b) 


dt 

' di 


Ji=0 


100 


2x10  x5xl0~ 


r  =  i^  =  10V/s 


dt 


Js-0 


ViR 


]  (Ml/2  x  10" 
10 


=  -5|iA/s 


U-^  =  -iov/s 
\  in 


(d}  All  the  above  rates  of  change  would  be  zero  because  the  transient  disappears  after  about 
531=5  x  10  =  50  s. 

Example  5.46.  In  Fig.  5.41  ia).  the  capacitor  C  is  lullv  discharged,  since  the  twitch  is  in 
position  2.  At  time  t  =  0.  the  switch  is  shifted  to  position  I  for  2  seconds.  It  is  then  returned  to 
position  2  where  n  remains  indefinitely  Calculate 

(a\  the  maximum  voltage  to  which  the  capacitor  is  charged  when  in  position  I. 

(ft)  charging  time  constant  A.,  in  position  I. 

(c)  discharging  time  contain  K,  in  position  2. 

id)  v  and  I .  at  the  end  of  I  second  in  position  I. 
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(c )  V,  and  i  at  the  instant  the  s.vitch  u  shifted  to  pasiton  2  at  t  =  I  second, 
if)    v  and  f  after  a  lapse  of  I  second  when  in  position  2. 

(g)  sketch  the  waveforms  for  vt  and  itfor  the  first  2  seconds  of  the  above  switching  sequence. 

Solution,  {a)  We  will  first  find  the  voltage  available  at  terminal  I.  As  seen  the  net  battery 
voltage  around  the  circuit  =  40  -  10  =  30  V.  Drop  across  30  K  resistor  =  30  x  30/(30  +  60)  =  10  V. 
Hence,  potential  of  terminal  1  with  respect  to  ground  G  -  40  -  10  =  30  V.  Hence,  capacitor  wiU 
charge  to  a  maximum  voltage  of  30  V  when  in  position  1. 

(b)  Total  resistance,  R  =  1(30  K.  II  60  K)  +  10  K]  =  30  K 
/.    X,  =  RC  =  30  K  x  10  |jlF  =  0.3  s 

(c)  X,  =  10  Kx  10uF  =  0.1  s 

{d)  vc=V{]  =  30(1  -e' 1/0  J)  =  28.9  V 


V  -(A, 


'c  =  Re 


V,/0-03  =  1x0.0361  =0.036  mA 


30  K 


(e)  vc  =  28.9  V  at  t  =  1+S  at  position  2  but  ic  =  -28.9  V/10  K  =  -  2/89  mA  at  /  =  f  $  in  position  2. 


(J)    vc  =  28.9  e~,IXl  =28.9  e~mA  =0.0013  V=0  V. 


L  =  28.9  e 


2.89  e 


■\m.\ 


0.00013  mA  =0. 


The  waveform  of  the  capacitor  voltage  and  charging  current  are  sketched  in  Fig.  5.41  {h). 


•30K 


40  V 


10  K 


30  V-^T 


'60K 


(8) 


in  v 


28.4  V 


t(s) 


0.036  mA 

-2.89  mA 

Its) 


Fir.  5.41 

Example  5.47.  In  the  RC  circuit  of  Fig.  5.42.  R  =  2  M  £}  and  C  =  5  u  F.  r/ir  capacitor  is 
charged  to  an  initial  potential  of  511  V.  When  the  switch  is  closed  at  t  m  0  ,  calculate 
ia)  initial  rate  of  change  of  caput  ilor  vrdtage  ami 
(b)  cupat  itor  voltage  after  a  lapse  of  5  times  the  time  constant  i.e.  5X. 


23<> 

If  the  polarity  of  capacitor  voltage  is  reversed, 
calculate 

If  I  the  values  of  the  above  quantities  and 
id)  time  for  r  to  reach  -  10  V,  0  V  ami  95  V. 


-0 
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50  V 

-^VvV  


Solution,  (a) 


dt 


Y-V, 


100  V 


0 


V-Vu_  100-50 


RC 

vc  =  ( V  - 


=  (  100  -  501  (I 
(t-)  When 


10 

-  5XA 


5  V/s 


Fig.  5.42 


1  =  50  =  44.7+50  =  W.7\ 


V„  -  -50  V. 


dt 


Vr  = 


>=0 


X  k  10 


(V-  V0)(l  -e~"")+  VQ=  [100-  (-50)[(1 
150(1  -e"V50=WV. 


f"5)  +  (-50) 


=  Xfn 


i  v  -  v„ 


t  =  10 /h 


/  =  10  to 


V  -  r 
100-1 


=  1 0  In 

-  50) 


1 00 -(-50) 


100-(0) 
100-  (-50) 


100 


■10/rt 


100-95 


=  10/« 


(-10) 

150 
100 

r  i5n 


=  10  In 


150 
I  in 


=  3.1 1 


4.(155  s 


=  34  s 


UK)  V 


100  jiF 


Fig.  5.43. 


Fxample  5.48.  The  uncharged  capacitor,  if  it  is 
initially  switched  to  position  I  of  the  switch  for  2  sec 
and  then  switi  hed  to  position  2  for  the  next  two 
seconds.  W  hat  will  he  the  voltage  on  the  capacitor 
at  the  end  of  this  period  ?  Sketch  the  variation  of 
voltage  across  the  capacitor \  Bombay  University 
20(11 1 

Solution.  Uncharged  capacitor  is  switched  to 
position  1  tor  2  seconds.  It  will  be  charged  to  100 
volts  instantaneously  since  resistance  is  not  present 
in  the  charging  circuit  Alter  2  seconds,  the  capacitor 
charged  to  1O0  volts  will  get  discharged  through  R-C 
circuit  with  a  time  constant  of 

T  =  RC=  1500 X  I0_1=l_5sec. 
Counting  time  from  mslant  of  sw  itching  over  to  posilon  2.  the  expression  for  voltage  across  the 
capacitor  is  V  (t)  =  100  exp  (-  f/T) 

After  2  seconds  in  this  position. 

vit)  =  100  exp  (-2/1.5)  =  26/36  Volts. 
Example  5.49.   There  arc  three  passive  elements  in  the  circuit  helow  and  a  voltage  and  a 
current  are  defined  for  eath-  Find  the  valuer  if  these  six  qualities  at  both  I  =  (F  and  t  =  0* 

[Bombay  University,  2(H)!  | 

Solution.  Current  source  4  u  It )  means  a  step  function  of  4  amp  applied  at  t  =  0.  Other  current 
source  of  5  amp  is  operative  throughout 
At  /  =  0  .  5  amp  source  is  operativ 
urrenl  of  5  amp  through  3U-ohm  resists 
(hi  to  left. 


( apacitance 
At 
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t  =  0 


VD  = 


V*  = 

'c  = 
VC  = 


-  150  Volts  (Since  right-terminal  of  Resistor  is  +  vet 
5  amp 

0.  it  represents  the  voliage  between  B  and  O. 
0 

150  volts  a  Vgo  +  (Voltage  between  A  and  B  with  due  regards  to  sign). 
0-(-  150)  =  +  150  volts 

30  Q 

v„ 


4  u  (i)A 


A 

-o- 


1/27  r 


5  A 


KiK.  5.44  {a) 

At  r  =  O^,  4  amp  step  function  becomes  operative.  Capacilive-voltagc  and  Inductance-current 
cannot  change  abruptly. 
Hence  iL  (0+)  =  5  amp 
VcW+)=  150  amp 

V^OJ  -  150  volts,  with  node  A  positive  with  respect  to  0. 

With  these  two  values  known,  the  waveforms  for  current  sources  are  drawn  in  Fig.  5.44  (b). 


is 


4  u  (i)amp 

6 

5  amp 
-I  amp  JL. 


time,  i 


4u(tlamp 


I  amp 
5  amp 


-/VVvvVv 

R 


1/27 


amp 


Fig.  5.44  It) 


Fig.  5.44  (b) 

Remaining  four  parameters  are  evaluated  from  Fig.  5.44  (c). 

Vt  =  V„  =  VA  -  (30  x-  I )  =  1 20  Volts 

iK  =  1  amp.  »/«  =  —  30  Volts 

)t   =4  amp  in  downward  direction. 

Additional  Observation.  After  4  amp  source  is  operative,  final  conditions  lat  t  tending  iv> 
infinity)  are  as  follows. 

Inductance  came*  a  total  direct  current  of  9  amp.  with  V,  =  0. 
Hence,  VH  -  V 

is  =  5  amp,  VR  =  -  150  volts 
V'r  =  150  volts.  it  =0 

I'Aanipli'  5.50.  The  \  olki^e  as  shown  in  Fif>.  5.45  (ui  is  applied across  -  U)  A  resistot  of  2  ohm\ 
(in  A  capacitor  of  2  /•    Find  and  sketch  the  current  in  each  case  up  to  6  seconds. 
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time,  I  (sec) 


Fig.  5.45  (a) 

fBnmhay  University  l**V8| 

Solution. 


time,  t  (sec) 


lig.  5.45  lb)  Current  in  a  Resistor  of  2  ohms  /„  =  V  (f)/2  amp 


20 

I  Volt) 


i,  i  Limp i 


-20 
(Volt) 


2      3  4 

] 

i 

i  i 
5  6 

(sec) 

Fig.  5.45  ui  Current  thro  2-1  capacitor,  i'c  =  C  {dv/dt\ 

Kxamplr  5.51.  Three  <apacttors  2  pF.  .<  pF.  and  pF  are  connected  in  series  and  churned  from 
it  MX)  V  d.c.  supply  Find  die  vallate  across  condenser*..  Tlicy  are  then  disconnected  from  the 
fuppi\  find  reconnected  w  ith  nil  the  +  ve  plates  connected  together  and  all  the  -ve  plates  connected 
u-^ctlicf  Find  the  wdtajfei  across  the  combinations  and  the  charge  on  each  capacitor  apci 
ret  .MinecUons    Assume  perject  insulation.  |Bombay  University,  l°98| 

Solution.  The  capacitors  are  connected  in  series.  If  C  is  the  resultant  capacitance. 

I/C  =  //C,  +  VC2  =  UCy  which  gives  C  =  (30/3 1 )  pF 
V,  =  900  x  (30/3 1  J/2  =  435.5  volts 
V,  =  900  x  (30/31 V3  =  290.3  volts 
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*3 


lt- 


=  9OOx(30/3l)/5  =  174.2  volts 
B  A 

HI  O  Ih 


C.  2|if 


c?  3pf 


C,  Sftf 


'900  V 
Fig.  5.46 

In  series  connection,  charge  held  by  each  capacitor  is  same.  If  it  is  denoted  by  Q. 

Q  m  435  x  2  x  10"*=  871  p  coulombs 

Three  capacitors  hold  a  total  charge  of  {3  x  871)  =  2613  u  coulombs 

With  parallel  connection  of  these  three  capacitors,  equivalent  capacitance.  C  =  C,  +  C,  +  C,  =  lOpF 

Since.  Q'  =  C,  2613  x  10^=  10  x  10"*x  V" 

or  V  =261  volts. 

Charge  on  each  capacitor  after  reconnection  is  as  follows  : 

Q{  =  C,  V,  =  2  x  lO^x  261  =  522  p-coulombs 
Q2'  =  C2  V,  =  3  x  lO^x  261  =  783  p-coulombs 
=  C,  V,  =  5  x  lO^x  261  =  1305  p-coulombs 


Tutorial  Problems  No 
i. 


5.3 


Foir  the  circuit  shown  in  Fig.  5.47  calculate  0)  equivalent  capacitance  and  (ju)  voltage  drop  across 
each  capacitor.  All  capacitance  values  are  in  uF.  [(I)  ft  uF  («)  1'^  =  50  V.  \  m •  =  4(1  V| 

In  the  circuit  of  Fig.  5.48  find  (Q  equivalent  capacitance  07)  drop  across  each  capacitor  and 
(ii'i)  charge  on  each  capacitor.  All  capacitance  values  are  in  uF. 

|(i)  1.82  uF  (Ml  V,  =  5(1  V,-  V'j  =  V,  =  20  V;  V4  =  40  V 
iiii)  Q,  =  200  uC:  Qz  ■  160  uC;  Q}  =  40  uC;  (J4  =  200  ul'| 


2K 


j   on  Yiv- 

=-!2V  30jjF= 

Fig.  5.47 


Im,».  5.49 


Fig.  5  JO 


With  switch  in  Fig.  5.49  closed  and  steady-state  conditions  established,  calculate  (/")  steady-state 
current  07)  voltage  and  charge  across  capacitor  (Hi)  what  would  be  die  discharge  current  ai  die  instant 
of  opening  die  switch  ?  ((it  1.5  mA  («)  i>V;  270  pi"  iMi'i  1.5  mA| 

When  the  circuit  of  Fig,  5.50  is  in  steady  state,  what  would  be  die  p.d.  across  die  capacitor  '?  Also. 


6. 


7, 


find  the  discharge  current  at  the  instant  S  is  opened, 
find  the  time  constant  of  the  circuit  shown  in  Fig.  5.51.    1200  uS| 
A  capacitor  of  c  apacitance  0.01  uF  is  being  charged  by  1000  V  d.c. 
supply  through  a  resistor  of  0.01  megaohm.  Determine  ihe  voltage  to 
which  the  capacitor  has  been  charged  when  the  charging  current  has 
decreased  in  90  %  of  its  initial  value.  Find  also  the  time  laken  for  the 
current  to  decrease  to  90%  of  its  initial  value.  1 100  \  ,  0.105h  ms] 
An  8  uF  capacitor  is  being  charged  by  a  400  V  supply  through  0. 1 


[8  V  ;  1.8  A | 


IB  0,1  |d 

2KS 

H 

Fig.  5.51 
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3, 


4. 


5. 


6. 


mega-ohm  resistor.  How  long  will  it  lake  the  capacitor  to  develop  a  p.d.  of  300  V  ?  Also  what 
fraction  of  the  final  energy  is  stored  in  the  capacitor  ?  |  l.l  I  Second,  56.3fv  of  full  energy | 

An  10  nF  capacitor  is  charged  from  a  200  V  battery  250  times/second  and  completely  discharged 
through  a  5  Q  resistor  during  the  interval  between  charges.  Determine 

(a)  the  power  taken  from  the  battery. 

(b)  the  average  value  of  the  current  in '5  CI  resistor.  [(o)  50  W  ib)  0.5  A| 
When  a  capacitor,  charged  to  a  p.d.  of  400  V,  is  connected  to  a  voltmeter  having  a  resistance  of 
25  Mft.  the  voltmeter  reading  is  observed  to  have  fallen  to  50  V  at  the  end  of  an  interval  of  2  minutes. 
Find  the  capacitance  of  the  capacitor.                               |2.J1  uF|  [App.  Elect.  London  Univ.) 


OBJECTIVE 

A  capacitor  consists  of  two 

(a)  insulation  separated  by  a  dielectric 

(£>)  conductors  separated  by  an  insulator 

(c)  ceramic  plates  and  one  mica  disc 

(d)  silver-coated  insulators 

The  capacitance  of  a  capacitor  is  NOT 
influenced  by 

Ui)  plate  thickness  ib)  plate  area 

(t  )   plate  separation 

id)   nature  of  the  dielectric 

A  capacitor  that  stores  a  charge  of  0.5  C  at 

1 0  volts  has  a  capacitance  of  farad. 

in)  5    ib)  20    (<•)  10    (d)  0.05 
If  dielectric  slab  of  thickness  5  mm  and 
Er  =  6  is  inserted  between  the  plates  of  an  air 
capacitor  with  plate  separation  of  8  mm,  its 
capacitance  is 

(a)  decreased        (b)  almost  doubled 
(c)   almost  halved  (d)  unaffected 
In  a  cable  capacitor,  voltage  gradient  is 
maximum  at  the  surface  of  the 
(a)  sheath  (b)  conductor 

(f)   insulator         id)  earth 
In  Fig.  5.52  voltage  across  Ct  will  be  ....volt. 
ia)    100    (b)  200    (e)  150    (d)  .100 
IpF  IpF 


X. 


— I*— 

300  V 

Fig.  5.52 

The  capacitance  of  a  cable  capacitor  depends  on 
(a)  core  diameter  ib\  insulation  thickness 
(c)  ratio  of  cylinder  radii 
id)  potential  difference 
The  insulation  resistance  of  a  cable  capacitor 
depends  on 
(al   applied  voltage  ib)  insulation  thickness 

(c)  core  diameter 

(d)  ratio  of  inner  and  outer  radii 
The  lime  constant  of  an  R-C  circuit  is  defined 


lit. 


I  I. 


TESTS  -  5 

as  the  lime  during  which  capacitor  charging 
current  becomes.... percent  of  its... value, 
(a)  37.  final         f>)  63.  final 
U  )   63,  initial        iJ)  37,  initial 
The  period  during  which  current  and  voltage 

changes  take  place  in  a  circuit  is  called  

condition. 

(a)   varying  (b)  permanent 

(c)  transient         (<f)  steady 
In  an  R-C  circuit  connneeted  across  a  d.c. 
voltage  source,  which  of  the  following  is  7ero 
at  the  beginning  of  the  transient  slate  ? 
(a)  drop  across  R      ib)  charging  current 
(c)   capacitor  voltage  (d)  none  of  the  above 
When  an  R-C  circuit  is  suddenly  connected 
across  a  d.c.  voltage  source,  the  initial  rate 
of  charge  of  capacitor  is 
(a)   -IJk     ib)f,/X     U-)V/R  (d)-VA 
Which  of  the  following  quantity  maintains 
the  same  polarity  during  charging  and 
discharging  of  a  capacitor  ? 
(a)  capacitor  voltage  ib)  capacitor  current 
(c)   resistive  drop      (d)  none  of  the  above 
In  a  cable  capacitor  with  compound  dielectric, 
voltage  gradient  is  inversely  proportional  to 
(a)  permittivity 
(fc)  radius  of  insulating  material 
(r)   cable  length     id)  both  (a)  and  {h) 
While  a  capacitor  is  still  connected  to  ,i  power 
source,  the  spacing" beiweeu  its  plates  is 
halved.    Which  of  its  following  quantity 
would  remain  constant  7 
(a)  field  strength    ib)  plate  charge 

(c)  potential  difference 

(d)  electric  flux  density 
After  being  disconnected  from  the  power 
source,  the  spacing  between  the  plates  of  a 
capacitor  is  halved.  Which  of  the  following 
quantity  would  be  halved  7 
(a)  plate  charge     ib)  field  strength 

(c)  electric  flux  density 

(d)  potential  difference 


i: 


13. 


14. 


IS. 


Hi. 


P  HI  -TSI  P  H  *T1  nZ\  »'U  J0I    P't>    P'8    3'L    <1V    °  S    <Tfr    Ft    °'Z  Tl 

smuwsnv 


O     MAGNETISM  AND  ELECTRC   


<■-].    Absolute  and  kelntm-  lYnrnabililies  of  u  MtdJiuu 

i  In:  phenomena  h  magnetism  and  cLectroiuagticrj<>m  ire  dependent  upon  a  cenam  property  of 
the  medium  called  its  permeability.  Every  medium  is  supposed  to  possess  two  permeabilities  : 
fifl  absolute  permeability  tui  and       relative  permeability  fpfl. 

Ftir  measuring  relative  permeability,  vacuum  or  free  space  is  chosen  as  the  reference  medium 
li  Is  allotted  an  absolute  permeability  of  u,,  =  4ji  x  10"  henry/metre.  Obviously,  relative  permeabil- 
ity of  vacuum  with  reference  to  itself  is  tinity.  Hence.  Tur  free  space. 

absolute  permeability       p<,  =  4rc  x  If}"' H/m 

relative  permeability         ur  a  I. 

Now,  lake  tmy  medium  other  than  vacuum.  If  (is  relative  permeability,  as  compared  to  vacuum 
is  ut.  then  its  absolute  permeability  is  p.  =     pf  H/itl 

6.2.    Laws  i>f  Magnetic  Force 

Couiumb  was  the  first  to  determine  experimentally  ihe  quantitative  expression  for  the  magnetic 
force  between  iwo  isolated  point  poles.  It  may  be  noted  here  that,  in  view  of  the  fact  that  magnetic 
poles  always  exist  in  pairs,  jt  is  impossible,  in  practice,  lo  get  an  isolated"  pole  I  he  concept  of  an 
isolated  pole  is  purely  theoretical  However,  poles  of  a  thin  hut  long  magnet  may  be  assumed  10  be 
potnl  poies  for  all  practical  purposes  (Fib.  b.l >.  By  usmg  a  torsion  balance,  he  found  that  ihc  force 
between  two  magnetic  poles  placed  in  a  medium  is 

l/'i  directly  proportional  to  ibeir  pole  Mrenefhs 

fiil  inversely  proportional  to  the  square  of  the  distance  between  them  and 
tin)  inverselj  proportion^  to  the  absolute  permeability  ul  the  surrounding  medium, 
m 

MAGNET 


G MAGNET 
— — — e) 


Fig.  6.1  Fig.  6.2 

For  example,  if  mt  and  m;  represent  the  magnetic  strength  of  the  two  poles  (its  unit  as  yet  being 
undefined),  r  the  distance  between  them  iFig.  6.2 1  and  ii  the  absolute  permeabilny  of  the  surround- 
ing medium,  then  the  force  F  i.s  piven  by 

m,/n,  mm  i  km.nu* 

F<*  — or    F=  t — !— f-     or     f  ~   ~ ''     in  vector  Irom 

u  r  |ir~  |i  r 

where  t  is  a  unil  vector  to  indicate  direction  of  r 

or  F    =   Jt  r  when:  F  and  r  arc  vectors 

r 

In  the  S  I.  system  of  units,  the  value  of  the  constant  k  is  -  I/4n. 
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-  N    or    F  —   - — i — -  N  -  in  a  medium 


In  vector  form,  F   =  — '— ^  r  =  — -—n 

4itpr"  **Mor 

If.  in  the  above  equation. 

in.    -  in-,  =  in  (say) ;  r  -  1  metre  ;  F  m  — - —  N 


431  n„ 


Then  m1  =  I    or    m  =  ±  I  weber" 


Hence,  a  unii  magnetic  pole  may  be  de fined  a>  r/iuf  /w/f  wAicft  wftwi  placed  in  vacuum  at  a 
dimmer  of  one  metre  from  a  similar  and  equal  pole  repeU  il  with  a  force  of  IMjt  ^  newtons.** 

fcj.    Magnttic  Held  Strength  tHi 

Magnetic  Field  strength  at  any  point  within  j  magnetic  field  is  numerically  equally  to  the  force 
experienced  by  a  V-pole  of  one  weber  pltieed  at  that  point.  Hence,  unit  of  H  is  N/Wb. 

Suppose,  il  is  required  to  find  the  field  intensity  at  a  point  A  distant  r  metres  from  a  pole  of  m 
weberv  Imagine  a  similar  pole  of  one  weber  placed  at  point  A.  The  force  experienced  by  thi*  pole  is 

F  =     mXl,  N  H  =  —'n—i  N/Wb  (or  A/ml***  or oersted 

4jtp0r-  4iru0r 

Also,  if  a  pile  of  M  Wh  is  placed  in  u  uniform  field  of  stirnyth  H  N/Wb,  then  force  experienced 
by  the  pole  is  =  mH  new  tuns. 

It  should  be  noted  that  field  strength  is  a  vector  quantity  having  both  magnitude  and  direction 

u    -       m  't  -       m  7 

n   —r-        '  -   1  r 

431^,  r"  4  X  \Ln  r 

It  would  be  helpful  to  remember  that  following  terms  are  sometimes  interchangeably  used  with 
field  intensity  Magnetising  force,  strength  of  field,  magnetic  intensity  and  intensity  of  magnetic 
field 

6.4.    .Msigftetk  t'lilctttiu) 

The  magnetic  potcntinl  at  any  point  within  a  magnetic  Held  is  measured  hy  the  work  done  in 
shifting  a  jV-pole  of  otic  weber  from  infinity  to  that  point  against  the  force  of  the  magnetic  field.  H  is 
given  by 

St  =  -  m    J/Wb  .  ...(An.  4.13! 

It  is  a  scalar  quantity. 

h  ?.    Flux  pur  triil  Hole 

A  unit  (V-pole  is  supposed  tu  radiate  out  a  flux  of  vine  weber.  Its  symbol  is  *  TheuTore.  the 
flux  coming  out  of  a  iV-pole  of  m  weber  U  given  by 

<T>  -  m  Wb 

|>>  ...-•miiTriri.n-.Uf  11k  mkhiht)  >►!  Gcminii  phvs,<-n<  WttiieltU  CdWm'ti  Wtflvt  I  IWM-HWl' 
*%  uiw  nuiftm-tK  pi  tit  I-  jIm>  detiiied  as  itol  nmjiiiL-iii:  pole  ninth  vthvn  [iljccil  u\  u  ilwrnTkr  •!'  nnc  mean 
imiti  4i  w  l>»u»  »tniifin  5_iinJiiitiur  vairying  j  curirin  .it  mi-.-  ,,cii[Vfc  r<perfcniuv>  *  lone  •>!  li'.n  ncwtiifi* 
>  An  fi  lm 

"~*  li  shiTiilit  ftc  noted  (tiiii  «N/Wh  h  the  *nnc  Ujiog  a>  rnnpcTcnjcm- 1  Vim  it  |iw  Vm  mute  mn>  hat  n"  nmh 


MtigtinJiuii  unit  CUxf,  <mm;ne:i^m 


u.ti.    Flux  Density  1U1 

ll  is  given  by  ihe  flux  passing  per  unit  area  through  a  plane  at  right  angles  to  the  flux.  I:  is 
usually  designated  by  the  capital  letter  B  and  is  measured  in  webcr/meter1.  It  is  a  Vector  Quantity. 

It  tfWb  is  the  total  magnetic  flux  passing  normally  through  an  area  of  A  m:,  then 

B  =  OtAWWm1  or  tesla(T) 

N<iii  Let  as  t"tnil  an  expression  lor  the  flux  density  at  a  point  disianl  rmetn-N  from  a  unit  Ar-polc  tr.e.  a  pole 
of  stnsnjiih  I  Wb.)  Imagine  u  sphere  of  radius  r  metres  drawn  round  the  anit  pole.  The  flax  ot  ]  Wb  radiate  J  out 
by  the  unil  pole  fall*  normally  on  a  surface  of  Axr^.m'.  Hence 

B  =  *  =  _!_Wm2 

A.7.    Mnwltitc  Ptmieahiiitv  ipi  and  Relative  lYrmenbilin 

In  Fig.  &3  is  shown,  a  bar  of  a  magnetic  material,  say,  iron  piaced  in  a  uniform  field  of  strength 
H  NWh,  Suppose,  a  flux  density  of  B  Wb/m~  is  developed  in  the  rod. 


— < 

— ' —         *   . 

-  -Ill   —  hill   

'   — - 

>■ 

H   l-f 


+  m 

=  R  ^ 

h 

t i«.  0.3 

Then,  the  absolute  permeability  of  the  material  of  the  rod  is  defined  as 

u  -  B1H  henry  /metre  or  B  =  ptf  =  ^  pt  H  Wb/rn"  Jfa 
When  /f  is  established  in  air  Ipr  vacuum),  then  corresponding  that  density  developed  in  air  is 

Now,  when  iron  rod  is  placed  in  the  field,  it  gets  magnetised  by  induction.  If  induced  pole 
strength  in  the  red  is  m  Wb.  then  a  flux  of  m  Wb  emanates  from  its  A'-pole,  re-enters  its  .S-pote  and 
continues  from  S  to  JV-poIe  within  the  magnet.  If  .4  is  the  face  or  pole  area  of  the  mageniised  iron  bar, 
the  induction  flux  density  in  the  rod  is 

Bf  =  mlA  Wm1 

Hence,  total  flux  density  in  Ihe  Iron  rod  consists  of  two  parts  [Fig.  6.3  (b\[, 

(0  B&  -flux  density  in  air  even  when  rod  is  not  present 

(»)  Bt  induction  flux  density  in  the  rod 

B  =      +  Bi  =  u0  H  +  mi  A 

Cq.  ti)  above  may  be  written  as  [i  =  ur  .  u^  H  -  \ir  B(t 

B       (material  >  ,  ., 

M,  -   — =   ...lor  same 

Bu     Bu(  vacuum) 

Hence,  relative  permeability  of  a  material  is  equal  to  the  ratio  of  tiie  flux  density  produced  in 
that  mutt-rial  to  the  finx  density  produced  in  vacuum  by  the  sairu:  magnetising  force. 

r>.S.    Intinviiv  i >f  M Linnet jsa linn  t ll 

It  may  be  defined  as  the  induced  pole  strength  developed  per  unit  area  of  the  bar.  Also,  it  is  the 
mapette  moment  developed  per  unit  volume  of  the  bar. 

Let  m  &  pole  strength  induced  in  The  bar  in  Wb 

A  =  face  or  pole  area  of  the  bar  in  tn~ 
Then  /  =  m/A  VWuT 
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Hence,  it  is  seen  lhal  intensity  til  magnetisation  trf  □  substance  may  be  defined  as  tkeflux  density 
produced     it  due  to  its  own  induced  muffnctixttu 

tf  /  is  the  magnetic  lenglh  of  ihc  bar.  then  the  product  (mx/tis  known  as  its  magnetic  moment  M 

,11  _  m  x  /  _ 


magnetic  moment/ volume 


6.9.    SuM.eptiI»llin  <K) 

Susceptibility  is  defined  as  the  ratio  qf  intensity  of  magnetisation  I  to  the  magnetising  force  W. 

K  -  l/H  henry /metre. 

ti,\n.  Relation  Bttweeu  B,  fi,  I  nnrl  K 

It  is  ohvious  fmm  the  above  discussion  in  Art.  6.7  thai  flux  density     in  a  material  is  given  hy 

ft  =  B0+  miA  =  BU  +  1  8=^^+1 


Now  absolute  permeability  is  jj  =  — 


a  _  m,  M  + 1  _  1 


Mo  +  ■ 


Also  M  ^  uu  Mr    •■■    Pr,  Mf  =  Mu  *     0r  M»  -  I  +  *7M,i 

For  ferro- magnetic  and  para-magnetic  suhtsuinces,  AT  is  positive  and  For  diamagnetit:  substances, 
it  is  negative.  For  ferro-magnetic  substance  (like  iron,  nickel,  cobalt  and  alloys  like  nickel-iron  ami 
cobalt -iron)  ji,  is  much  greater  than  unity  whereas  for  para-magnetic  substances  (like  aluuunium). 
Ht  is  slightly  greater  lhan  unity.  For  diamagnetic  materials  (bismuth)  (i,  <  t. 

Exam  pie  b.l.  The  muttnuiic  Hi.vciy?/f/rr/j/v  .-•r  r-o  gen  ^as  tit  It  ft  n  tf>"  •  10  "  Wov  Caliulntr 
its  absolute  and  ndattve  permeahHtue.y 


Snlutiim. 


,-7  , 


I  ni  1 1 33 


Wm 


Now,  absolute  permeability  u  =  Mlh  FV*4*E#  10  j  x  1 .00133  =  \%&$  *  N 

6.11.  liotmdar)  Conditions 

The  cast  ul  boundary  conditions  between  two  materials  of  different  pcruieabihlies  is  similar  in 
that  discussed  m  An.  4.19- 

As  before,  the  two  boundary  conditions  are 

(0  the  normal  component  of  flux  density  is  continuous 


across  boundarv. 


B. 


B, 


Ui)  ihe  tangential  component  of  H  is  continuous  across 
boundary  ■  Hlt 

As  proved  in  Art  4  iQ,  in  a  similar  way,  it  can  be  shown 


that 


I. Ml  R 


[an  07 

Tliis  is  called  the  lav.  of  magnetic  flux  relraction 
6.12.  Waller  aud  Fwing's  Mnk'culur  Theory 

This  theory  was  first  advanced  by  Weber  in  1K52  and  wos,  later  on.  further  developed  by  Fwing, 
in  lUVOi  The  basic  assumption  of  this  theory  e-  lhal  rttfltettdes  of  alt  substances  m*  •ntwrentlv 
magnet*  In  themseh'c.f.  eat.fi  having  it  N  un*i  Spot*.  In  an  uninugnetiscJ  "-lak. 
eSTj it  supposed  that  these  Kmall  molecultu  magnets  lie  in  all  suits  of  haplwaul 
manner  forming  more  w  less  closed  loops  (Fig  6.5),  According  lo  tiir  Law<-  of 
Httiaciioii  arid  repulsion,  these  closer!  magnetic  circuit?-  are  satisfied  internally 
bene  j  Uiere  is  no  resuluini  external  magnetism  exhibited  by  die  iron  bar.  Bui 


FiR.  hS 


when  such  .m  mm  bar  i--  placed  in  a  magnetic  Held  or  undei  the  influence  of  a  magnet i*.hiji  force 
Ihen  rhesc  iinikcular  m.igueis  *Atti  laming  round  their  axes  and  orientate  themselves  more  or  less 


Wagnrtitm  and  hlrctnunti^ui'lam 


s 


aloitg  straight  lines  parallel  to  the  direction  of  the 
magneltsirig  force.  This  linear  arrangement  of  the  mo- 
lecular magnets  results  in  N  polarity  at  one  end  of  ihe 
bar  and  5  polarity  at  the  other  (Fig.  6.6).  As  the  small  Fiji.  n.(> 

magnets  turn  more  nearly  In  the  direction  of  the 

magnetising  force,  it  requires  more  and  more  of  this  force  to  produce  a  given  turning  moment,  thus 
accounting  for  the  magnetic  saturation.  On  this  theory,  the  hysteresis  loss  ts  supposed  to  be  due  to 
molecular  friction  of  these  turning  magnets 

because  of  the  limited  knowledge  of  molecular  structure  available  at  the  time  of  Weber,  ii  was 
nut  possible  to  explain  firstly,  as  to  why  the  molecules  themselves  are  magnets  and  secondly,  why  it 
is  impossible  to  magnetise  certain  substances  like  wood  etc.  The  first  objection  was  explained  by 
Ampere  who  maintained  that  orbital  movement  of  the  electrons  round  the  atom  of  a  molecule  consti- 
tuted »  flow  of  current  which,  due  to  its  associated  magnetic  effect,  made  the  molecule  a  magnet. 

Later  on.  it  became  difficult  in  explain  the  phenomenon  of  diamagnetism  (shown  by  materials 
like  waiL'r.  quartz,  silver  and  copper  etc.  I  erratic  behaviour  of  ferromagnetic  (intensely  tnagiieltsablel 
substances  like  iron,  steel,  cobalt,  nickel  and  some  of  their  alloys  etc.  and  the  paramagnetic  (weakly 
mag neii sable)  substances  like  oxygen  and  aluminium  etc.  Moreover,  it  w  as  asked  :  if  molecules  o1 
all  substances  are  magnets,  dicn  why  does  not  wood  or  air  etc  become  magnetised  ? 

All  this  has  been  explained  .satisfactorily  by  the  atom-domain  theory  which  has  superseded  the 
molecular  dieory.  It  is  beyond  the  scope  of  this  book  to  go  into  the  details  of  this  theory  .  The 
interested  reader  is  advised  to  refer  to  some  standard  book  on  magnetism.  However,  ii  may  just  be 
mentioned  that  this  theory  hikes  into  account  not  only  the  planetary  motion  ol  an  electron  bill  its 
rotation  about  its  own  axis  as  well.  This  latter  rotation  is  called  "electron  spin'.  The  gyroscopic 
behaviour  of  an  electron  gives  rise  to  a  magnetic  moment  which  may  he  either  positive  or  negative. 
A  substance  is  ferromagnetic  ur  diamagiiclie  accordingly  as  there  is  an  excess  of  unbalanced  posi- 
tive spins  or  negative  spins.  Substances  like  wood  or  air  an:  nun  magneii sable  because  in  tlien  Cjsl-. 
the  positive  and  negative  electron  spins  are  equal,  hence  they  cancel  each  other  ouL 

6 J X  Curie  Pniui 

Ax  a  magnetic  mulerial  is  healed,  its  molecules  vibralc  mure  violently.  As  a  consequence, 
individual  molecular  magnets  get  out  of  alignment  as  the  temperature  is  increased,  thereby  reducing 
the  magnetic  strength  of  the  magnetised  substance  Fig  rV7  shows  the  approximate  decrease  of 
magnetic  strength  with  rise  in  temperature.  Obviously,  it  is  possible  to  partially  or  even  completely 

destroy  the  magnetic  properties  of  a  material  by  hotline 
The  temperature  at  which  the  vibrations  of  the  molecular 
magnets  become  so  random  and  out  oT  alignment  as  to  re- 
duce Lhe  magnetic  strength  m  zero  is  called  Curie  ppmt. 
More  accurately,  it  is  that  critical  temperature  above  which 
is  ferromagnetic  material  becomes  paramagnetic. 

EliECTROMAGNETISM 

[».  14.  turn*  on  a  L  urreiii-carrviiiu  (  oniihcmr  Lyme 
in  a  Mugni'tie  Field 

It  is  found  that  whenever  a  cuntnt-carrylng  conductd  is 
placed  in  magnetic  field,  it  experiences,  a  force  whii-h  acts  in  a  direction  perpendicular  both  id  the 
diieclion  Of  the  current  and  the  field.  In  Fig.  6.8  is  shown  a  conductor  ,Y)'  lying  at  right  angles  to  the 
aniforni  horizontal  field  ul  11  ux  density  B  Wh/ur  produced  by  P#0  solenoids  A  and  B.  If  I  Is  the 
length  of  the  conductor  lying  within  this  field  and  /  ampere  die  canent  earned  by  it.  then  the  magm- 
tude  of  lhe  force  experience*!  by  il  is 

F  -  Bil  -  u0pr  Hit  newuin 

I  Istng  vector  notation  F  =  J  ;  xfl  and  F=tlB  sin  t<  where  H  is  :ho  anstc  bci  ween  /  and  it  which 
is  'ilt  in  the  present  a* 

or  F  =     fl  sin  W°  = /7  £?  newtonx  (v    sin  90"  =  1 1 


Curw 
P<iini 
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The  direction  of  this  force  may  be  easily  found  by  Fleming's  left-hand  rule. 

Mntion 


Current 


Moiitm 
(Forcci 


Direction  of 
CunenL 

Fig.  6.H  Fig.  h.9 

Hold  out  your  left  hand  with  forefinger,  second  finger  and  thumb  at  right  angles  lo  one  another. 
If  the  forefinger  represents  the  direction  of  the  field  and  the 
second  finger  that  of  the  current,  then  thumb  gives  the  di- 
rection of  the  motion.  Ll  ,\  riLbMrcilcd  in  I  i<2.  ft.1) 

Fig.  6.  If)  shows  another  method  of  finding  the  direc- 
tion of  force  acting  on  a  current  carrying  conductor.  Ll  is 
known  as  Flat  Left  Hand  rule.  The  force  acts  in  the  direc- 
tion of  the  thumb  obviously,  the  direction  of  motor  of  the  3 
conductor  is  the  same  as  ibat  or  the  force.  £ 

It  should  be  noted  I  hat  no  force  is  exerted  on  a  conduc- 
tor when  it  Lies  parallel  to  the  magnetic  field.  In  general,  if 
the  conductor  lies  at  an  angle  8  with  the  direction  of  the 
field,  then  B  can  be  resolved  into  two  components.  B  cos  % 
parallel  to  and  B  sin  8  perpendicular  to  the  conductor.  The 
former  produces  no  effect  whereas  the  latter  is  responsible 
for  the  motif m  observed.  In  thai  case, 

F  =  BU  sin  ft  new  ton.  which  has  been  expressed  as 

cross  product  of  vector  above.* 

Y  I'  ll*,  ft.  1 1) 

6.15.  Ampere's  Wnrk  Law  «>r  \mprrv"s  Circuital  Ijiw 

The  law  states  that  m  m.f**  I  magnetomotive  force  corresponding  lo  e.m.f.  i.e.  electromotive 
force  of  electric  field )  around  a  closed  path  is  equal  lo  the  current  enclosed  by/  the  path.  Mathemati- 
cally. cjirY  -d  s  =  /  amperes  where  H  is  the  vector  representing  magnetic  field  strength  in  dot 
product  with  vector  d  ?  of  the  enclosing  path  5  around  current  /  ampere  and  that  is  why  line  integral 


*  h  i!>  sim 
**    M  M  F 


( $ )  of  dot  product  H  ,  d  7  is  taken. 

Work  law  is  very  comprehensive  and  ts  applicable  to  all  mag- 
netic fields  whatever  the  shape  of  enclosing  path  e.g.  {el  and  lb} 
in  Fig.  6.11.  Since  patli  c  does  not  enclose  ihe  conductor,  ihe 
m.m.f.  around  ii  is  zero. 

The  above  work  Law  is  used  for  obtaining  tfic  value  of  ihe 
magnetomotive  force  around  simple  idealized  circuits  like  (f)  i 
Jong  straight  current-carrying  conductor  and  {ii)  a  long  solenoid 

nlcr  id  find  ilircalnin  i'f  Forte  iMirtunil  through  CMM  product  of  gocn  vector*  r"  I    H|d  fl 
i>  mil  ,i  1'tin.c  bui  is  iIhj  tvi«:li  Joul. 


1  ip.  6.11 
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(ii  M^pNtooHilivt-  Font  around  a  Long  Straight  Conductor 

In  Fig.  6. 12  is  shown  a  straight  conductor  which  is  assumed  to  extend  to  infinity  in  either  directum. 
Let  it  carry  a  current  of/  amperes  upwards  The  magnetic  field  consists  of  circular  lines  ot  lone  having 
their  plane  perpendicular  to  the  conductor  and  Iheii 
centres  at  the  centre  of  the  conductor. 

Suppose  thai  the  field  strength  at  point  C  dis- 
uirn  >■  metres  from  the  centre  of  trie  conductor  is  ft. 
Then,  it  means  that  if  a  unit  N-pnle  is  placed  at  C.  it 
wdl  expercintc  a  lorcc  nf  H  new  tons.  The  dircc- 
rum  .ir  ihw  knee  would  be  tangential  to  the  circular 
line  nf  lorce  passing  through  C  If  this  unit  W-pole 
is  moved  once  round  the  conductor  against  this 
force,  then  work  done  Lit. 

m  m  f  =  force  x  distance  -  i 
(jt,     t  =  H  x  2it  r  joules  =  Amperes 
/ 
Tut 


Wok 


or 


H 


\H  .d  s   Joules  =  Amperes  =  / 
Obviously,  if  there  are  jV  conductors  (as  *hown  in  Fig.  6.13),  then 

H  =   M.  AJm  nr  Oersted 
2rtr 


I'  ig.  t>.  12 


and 


ro  23tr 


...in  air 


...In  a  medium 


iiit  Magnetic  Held  Strength  of  a  Long  Solenoid 

Let  the  Magnetic  Field  Strength  along  the  axis  of  the  solenoid  be  H.  Let  us  assume  thai 
(fl  die  value  of  H  remaitis  constant  throughout  the  length  f  of  the  solenoid  and 
|i7|  the  volume  of  H  outside  the  solenoid  is  negligible. 

Suppose,  a  unit  iV-pole  is  placed  at  point  A  outside  the  solenoid  and  is  taken  once  round  the  com- 
pleted path  (shown  dotted  in  Fig.  6.14)  In  a  direction  opposite  to  that  of  H  Remembering  that  the  force 
of  H  new  tons  acts  on  the  .V-pole  only  over  Uk  length  I 
(it  being  negligible  cIm.-w1u.tci.  the  work  done  in  one 
round  is 

=  H  x  /  juules  =  .Amperes 

The  ampere-turns'  linked  with  this  path  are  Nl 
where  jV  is  the  number  of  turns  of  the  solenoid  and  / 
the  current  is  jmpcrcs  parsing  through  it.  Accord- 
ing to  Work  Law 

ML 
I 


Hxi^NI  or  H 


Also  it 


t 


A/m  or  Oersted 
Wb/nT   or  tesla 


.in  air 


WhVm'    or    lesla    ...in  a  medium 


igg  0  0  6)  ®  ®1P) 

N-f'OLK 
Fig.  t».14 
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ft.  Ifp.  Kirit-Savurt  Law 
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The  expression  for  the  magnetic  field  strength  dH  produced  at  point  P  by  a  vanish ingly  small 
length  dl  of  a  conductor  carrying  a  current  of  /  amperes  (Fig.  6. 1 5)  is  given  by 

hi!  sin  G  . 


4?E  r 


or     if//    =  I AJ  /  k  rV  4n  r    in  vector  form 

"I'iie  direction  ol  ,//•/  is  i^'ip^nh.  ujyr  in  Vm  phi  tic  -un 


taining  both  '  J/  '  and  r  f.e.  entering 
or 


Fie-  6.15 


and  dBa 


^MnHWm- 
4nr' 

^  I  dl  xr 


4k  i 


in  vector  form 


A.  17,  Applications  uf  lliut-Siiviirl  I  .an- 
t/I Magnetic  Field  .Strength  IMk  In  u  finite  l.t-ntfih  of  Wire  Carrying  Current 
Outsider  a  straight  wire  of  length  I  carrying  a  steady  current  /.  We  wish  to  find  magnetic  field 

strength  iH)  at  a  point  P  which  is  at  a  distance  r  from  the  wire  as  shown  in  Fig,  ft. 1 6, 

The  magnetic  field  strength  dH  due  lo  a  small  element  dl  of  the  wire  shown  is 

(d  Ixii 


0 


til 


dH 
dH 

dH 


(By  Biol- Savant  Law) 
idt  sin  6  * 

— j-H  (where  !f  is  unit  vector  perpendicular  io 

47IX  j" 

plane  eontaing  rff  and  s  and  into  the  plane.  1 

Id}  cos  dl  *  _     ,  . 

ii  „.|  ■.'  6  and  0  are  complementary  angles] 


4rc  jr 


The  magnetic  field  strength  due  lo  entire  length 


s  is  unit  vector 
in  direction  of  s 


Fig.  6.16 


H    -  — 
4k 

_  J_ 
4n 

lL 
4n 


'  COS  $  ill 


j  i 


4IE 


cos  <|>  =  —  in  Fig.  6.  !ft  J 

f  d! 


Lt>J  J 

t  V*  r  is  constant) ;  -j  =  <Jr*~+7~  in  Fig.  6. !  6 


Ir 

4-K  r 


f.  *  


m      (Taking  r  out  from  denominator} 


Ader  the  French  nuiiruMitaiicmn  *\i<\  physicist  Jean  Unpuvic  Bmi  l|774-IKfi2i  and  Fell*  Sevan 
llTfl  !S4l  I  a  Willi- km iw it  Futich  phyumi 


Mu^oetism  ami  Eleclruma/int'liim 


To  evaluate  the  imcgr.il  moM  nittply,  nutkc  the  following  substitution 

-    -  Uin  0  in  Fig.  6.16 


/  -  r  tan  $   .:  di  =  r  sec'  0  tip  and  I  +  (r/1)"  =  I  +  lan"  0  ■  sec"  0  and  liniiis  yd  trails  tori  net] 
/.*•  become  0  lo  *. 


4it  r 

/ 
Jrt> 


1 


.0 

sin  0  h 


r  set- '  <|i 
sec1* 


[sirup  [!« 


Ytt.  Fni  wire  of  infinite  length  extending  n  pt  hnih  cnd>  it  —  ~-  io  +  —  the  limhiv  nl  intcgraium  would  he 


~  to  +  * .  (Living  H  =  — *  2  u  or  H 
2       2  -in  r 


!  * 

1 — " 


lift  Magnetic1  Held  Strength  along  the  \ils  of  a  Square  Coil 
This  is  similar  tu  (ii  above  except  that  there  are  fouT 
conductors  each  ul  length  say,  la  metres  and  Laming  a 
curreni  of  /  amperes  as  shown  in  Fig.  6. 17.  The  Magnetic 
Field  Strengths  at  the  axial  point  P  due  to  the  opposite 
sides  ah  and  cei  are  H  l}.  and  H  t  directed  at  nghl  angles  lo 
lite  planes  containing  P  and  tib  and  P  and  id  respectively. 
Now.  //^  and  U  ijS  axe  numerically  equal,  hence  their com- 
ponents at  right  angles  to  the  axis  of  the  coil  will  cancel , ' 
nut,  but  the  axial  components  will  add  together.  Simi-  I 
l.uh.  ifii-  oilier  two  sides  tLi  and  lu  v>ill  also  give  a  result-  a 
ant  axial  component  only. 

As  seen  from  Eq.  I  Hi  above. 


4ft  r 


jcos  H  -  cos  r  I  KIP- 9}  |  = 


Now 


da  ■ 


Its  axial  components  is  Ha 


sin  a 


/cosfl 


.  sin  a 


2k  \fu*  +  .r 

All  (he  four  sides  of  the  rectangular  coil  will  contribute  an  equal  amount  lo  the  resultani  mag- 
netic field  ul  P.  Hence,  resultant  magnetising  force  ul  P  is 

/  cose 

T 


H  =  4* 


sin  o  . 


Now 


cos  6  = 


H 


rt  (u"  +■  j").\'i"  +  2*i" 

In  case,  value  Of  H  is  required  at  the  centre  0  of  the  coil,  then  putting  t  =  f*  in  the  above 
expression. 


wc  gel 


H  m 


2a1.! 


Jl.ti 


4lJ 
no 


AT/m 


Vutr  The  last  mull  can  he  found  directly  an  under,  As  seen  Imm  Fig,  6. 1 8.  (he  field  ul  point  ( )  Jue  lo  aris 
side  iv  a*  given  by  Eq.  til 


/ 

4k 


Klrt  trial  I  echm>ln%\ 

-  [  %in  «  .,/e=-L_|  -c(«B|^T  =—        W  =■ — h 
,,■  J  4Ko  ur     4nu  *xa   ^2  I 


Resultant  magnetising  Curve  due  in  all  side*,  is 
1  Jll 


H  *  4k 


_asi  found  above 


\7L 


Muv'iiL'tLiinE  I'orcL-  i>n  Hit  \\iv  of  n  Circular  Coil  F,R-  h>l>t 

111  Ftp.  6.1*)  is  shown  a  circular  one-turn  coil  carrying  a  current  of  /  amperes  The  magnetising 
force  al  ihe  axial  point  f  due  to  a  small  clement  'd!'  as  given  b>  Laplace's  Law  is 

U»\  - 

The  direction  ol  JH  is  al  nghl  angles  to  the  line  AP  join- 
ing point  P  to  the  clement  Wf.  Now.  can  be  resolved  into 
two  components  : 

'  lt  i  the  axial  component  dlV  =  tZ/V  sin  6 
the  veniail  component  diff*  ■  <fM  cos  U 

Now.  the  vertical  compnneoi  tlH  cos  G  will  he  cancelled  ™&  ■*•* 

hj  an  equal  and  opposite  vertical  component  ol  J/V  due  to  element  't/T  at  point  B.  The  same  applies 
tu  till  other  diametrically  opposite  pairs  afdt'i  taken  around  die  cud.  Hence,  the  resultant  magnetising 
force  at  f  will  he  equal  to  ihe  sum  of  all  the  axial  components. 


H  w  £df/=£<//V  sin 


J  4ji  ir*  +  JT>  ■  J 

J  .  r         f2"  „  _     f  r  .  Jitr     _  jr~ 
r-+.r'|     J"  4ir(r+.i)  Kr'+jTY^ 


sin  9  - 


+  ,t" 


or 


4rt( 
_/_ 

^  sin'  9  AT/m 
2r 


1  iiinJ  fl  . 
.-.    H  =      ,  —AT/m 
2r 

-for  an  N-tum  coil 


...{iff) 


In  case  Lhe  value  ol  H  is  required  at  ihe  cenlre  ()  of  the  coil,  then  putting  H  =  W  and  sin  W  =  1  in 
the  above  expression,  we  get 

H  =  4- —  for  single-turn  coil    or   H  =  —    -for  \-tum  coil 
lr  lr 

Snip.  The  magnetising  force  H  hi  lhe  centre  of  a  circular  toil  enn  he  directly  found  b*  follow*  • 
\\  Hi:  i  el  ere  nee  i>>  the  coil  shown  in  the        0.21  >  lhe  magneusiug  lone  .,'//  produced  M  0  Aw 
io  the  small  etemeni  til  las  given  by  Laplace's  law)  is 
I  <ff=>ulG  /.,'.' 

dH  -. 


4m 


2>/ 
H  = 


4re  r 
l.dl 


i 


( v  sm  0  =  sin  <*r  a  I ) 


4ar"  4^r" 


or   W  = 


4ltr" 


2r 


-L  AT/m  -for  I -turn  coil ;  M.  AT/m  -/ox  AMum  coil 
2r 


to1 1  Maj>iiL'llsin|i  I  mi  i-  on  tin1  \\is  of  n  Shon  Solenoid 

Lei  a  short  solenoid  having  a  length  of  /  and  radius  of  turns  r  be  uniformly  would  with  N  turm 
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each  carrying  a  current  of  /  as  shown  in  Fig.  6.21.  The  winding  density  i.e.  number  of  turns  per  uoiL 


yfinnyyay  tr©'©  o  ©  ©  ©  ©  0  o 

Fir.  6.21 

length  of  the  solenoid  is  JW,  Hence,  in  a  smalt  element  of  length  dx,  then*  will  be  N.dxfi  turns. 
Obviously,  a  very  short  element  of  length  of  the  solenoid  can  be  regarded  as  a  concentrated  coil  of 
very  short  axial  length  and  having  \'.dx/(  turns.  Lei  tlti  be  the  magnetising  force  contributed  by  the 
element  dx  at  any  axial  point  P.  Then,  suhsti  tilling  tlH  for  //  and  N.dxfl  for  N  in  Eq.  (/if),  we  get 

/      2  r 

Now  tii-   sin  e  =  r  „  trB/sin  6*    .-,    J;  =  r  .  f/tt/sb11  6 

Substituting  Lhts  value  of  dv  in  the  above  equation,  we  gel 

dfi  =        sin  6 ,  de 

Total  value  of  the  magnetising  force  at  P  due  to  the  whole  length  of  the  solenoid  may  be  found 
by  integrating  the  above  expression  between  proper  limits. 


skie^e=-^|-cos<; 

21  1  "V 


-  i~  (cos  6,  -  cos  82J  ..{fV) 


A7 
2/ 

The  above  expression  may  be  used  to  find  the  value  of  H  at  any  point  of  the  axis,  cither  inside  or 
outside  the  solenoid 


fr)  At  mid-point,     =  (it  -  8,},  hence  cos  82  =  -  cos  6, 

//  =         cos  8,  =  —  cos  6, 
Obviously,  when  the  solenoid  is  very  Jong,  cos  0,  becomes  nearly  unity.  In  that  case, 

H  =  -^ATMi  -An.  6.  IS  (ft) 

(if J  At  any  point  on  the  axis  inside  a  very  ions  solenoid  but  not  too  close  to  either  end.  8,  =  0 
and  %  ~  %  sti  that  cos  8,  =  I  and  cos     =  -  I ,  Then,  putting  these  values  in  Eq.  (n-|  above,  we  have 

H  ~   Wx2=  1 
21  I 

It  pruves  that  inside  a  very  long  solenoid,  H  is  practically  constant  at  all  axial  points  excepts 
I  hose  lying  too  close  to  cither  end  of  the  solenoid. 

(Hi)  Towards  either  end  of  the  solenoid.  H  decreases  and  exactly  at  the  ends,  8,  =  nil  and  9j  = 
K  so  that  cos  8,  -  l)  and  cos  82  =  -1.  Hence,  from  Eq.  (;V)  above,  we  gel 

  H  ~  17 


toot**  Ki  n  H  =  r  -.  I  -  Wsm  9  N<  I* .  MtM  -iJQ-r  dtiftm  H.  A  Imp,  MN  =  dx.  »in  fi.  hence  th  =  r  M/nn1  H. 
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In  other  words,  value  of  //  is  decreased  to  half  Ihe  normal  value  well  inside  the  solenoid 

1  \ani|jlt  ft_I_  t'tiiculait  rtw  nmxtu-iistttx  farci  ,uut  rim  ,lcuan  ut  a  distance  <>/  5  cm  from  .i 
U*nfi  .iiratfihi  emitter  conductor  cam-mv  a  current  of  25  f  A  and  placed  in  air  Draw  A  cino 
showing  the  variation  ofBfrvm  the  ctmttuctor  surface  out>mrd\  1/  its  dhtmetet  is  2  mm 

Solution*  As  seen  from  Art,  6.15  (,<% 
/    _  250 
7xt 


0.05  :  • 


ft  = 


2k  •  o.ftf 


=  7'J5.6  AT/m 


In  general.  B 


B  =  u0    =  4ji  *  Kf  *  795,6 
2.1  r 


J0~  W  h/in- 


Now,  fit  die  conductor  surface,  r  =  I  mm  =  10  m 


B  = 


4nx  10  k25« 


=  (1,05  \\  h/m' 


2it*10~ 

The  variation  of  if  outside  the  conductor  is  shown  in  Fig  6.22 

K\umuJt  6 J.  1  urn-  2-5  «i  ff*i£  «  Ivnt  in  into  a  suhutt  b»i/  fii/  jii/i>  u  < irr/r  r/r/fe  rifrrrnr 
//;m  r/>v  ttfrnu.i;h  lite  wire  is  OX)  A  find  the  magnewung  force  at  tiie  centre  of  the  \quarr  and  thr 
i<'/m(  ."  vi,  circle  (Eltrc.  Measurements;  Niiupiir  Univ.  IWJi 

Solution,  <  t )  Each  side  nf  the  square  is  lit  -  2.S/4  =  0.625  m 
Value  of  H  at  the  centre  of  (he  square  is  [Art  6. 1 7  w'i  ]] 

ntt 
/fir 


Value  of  //  al  Lhe  centre  1^ 


JtxOJ125 

100/2  x  0.J9S 


=  M4AT7m    00  2)^=  2.5  .  r  =  0J98  m 


I25.f»  AT/m 

Example  fi.-l.  -1  t  um-w  nt  i*  \  i\  (mmius  aioni:  u  strtiiafu  wire  Calculate  the  tune  oh  u  ttftft 
muRwra  pale  placed  015  metre  from  the  win  Ij'ihr  wirr  n  bcnl  to  form  into  u  loop. .  ah  ulatr  ih< 
dtemcier  at  tin  limp  so  as  la  produce  lilt  \umc  farce  at  Die  centre  W  the  .  mi  upon  a  imil  nm^netii 
\*dr  h'ftrti  comittx  u  current  t>f  /.f  A  iLlwrL  EiigH.  LalcutLi  Lim.  VWi 

Solution.  By  the  force  on  a  unit  magnetic  pole  is  meant  ihc  magnetising  lorce  H 
l  or  a  straighi  conductor  |  An  6.15  0|]  U  -  //2  it  r  =  15/2*  x  0. 15  =  5t)/n  AT/ni 
Sow,  the  magnetising  force  at  the  centre  of  a  loop  of  wire  is  |Art.  6.17  iuji| 

^  0  2r  -  l/D  a  1 5/D  AT/m 
Since  the  iwo  magnetising  forces  are  equal 

50/n  =  15/ZX  0=15  n/50  =  0.9426  m  -  W.2d  rm. 

K\ainplL  r,  5.     vi/iv/<-f«ni  17/y  Wiir  «  ati  al  h'»ji  diameter  i  times  a  dttei I  current  of 
A   4  \.\uiititip  Laplace  s  expreiuan  tor  the  iiiaiftieti.suix  ton  e  due  to  a  I'MitDMH  etentetit.  determine  the 
maitrtrliunfi  force  al  a  (trint  an  the  aiu  i>f  the  t  oil  and  UKI  m.  tram  flic  catl.  Tin  reLaive  permeahil 
in  01  thi  \jhici  •;iiwui..iiui  the       m  mm 

Stiluttnn.  As  seen  from  Art  6. 1 7  UUh  H=  —    sin 1  6  AT/m 

2r 


a 


sin'  9 


25 


oV  +  .r3  J253  +  I00; 
(tl.24251^  0.01426  .-. 


=  02425 


ff-  •t?X!,?  x  0.0(426  =  76.H  AT/m 
2x25 


MqpMtfvM  and  Fifcir*mtwmtt\ut 


25.* 


*i.I8.  Force  Iklwirn  F«o  fiiralM  (  omliiclnrs 


ID  Cantata  in  tin.  mhih'  din-ciion.  In  Fig.  6.13  are  shown  iwo  parallel  conductors  Z1  and  (? 
carr}  ing  current*  /,  and  ^  amperes  in  the  same  direction  i.e.  upwards.  The  field  strength  in  the  space 
between  the  twu  conductors  is  decreased  due  to  the  Iwn  Fields  (here  being  in  opposition  In  each 
other.  Hence,  the  resultant  field  is  as  shown  in  the  figure.  Obviously,  (he  two  conductors  are 
in trm. led  towards  each  other. 

(hi  t  uiTtnls  iu  opposite  riirvctlnns.  If.  as 
shown  »n  Fig.  6.24,  the  parallel  conductors  carry 
current*,  in  opposite  directions,  then  field  strength 
is  increased  in  the  space  between  the  iwo  conduc- 
tors due  io  the  two  fields  being  in  ihc  same  direc- 
tion there.  Because  of  the  lateral  repulsion  or  the 
lines  of  die  force,  the  two  conductors  experience  a 
mutual  force  of  repulsion  as  shown  separately  in 
Fig.  6.24  Ibi. 

tt.l'i   M.iuniiudi  of  Miituul  Fore* 

It  is  obvious  that  each  ol  the  i»u  p;jtd[|el  curi- 
liuclors  lies  in  the  magnetic  field  nftlic  other  con- 
ductor For  example,  conductor  P  lies  in  die  mag- 
netic Held  of  (J  and  Q  lies  iti  the  field  of  /'   If  if  F&  tjn 
metre-,  i-  Lhe  distance  lietween  them,  ihen  (lux  densiiy  at  Q  due  to  P  is  (Art.  6. 13  t;l| 


2nd 


Wh/nr 


f  -  fly,  I  newton     nr    F  ■• 


If  /  is  the  length  of  conductor  Q  lying  in  this 
tlux  dcusily.  then  force  (either  nf  attraction  or  re- 
pulsion 1  as  gi^n  In  An.  o  14  I-- 

2k  J 

Obviously,  conductor  P  will  experience  an 
equal  force  In  die  opposite  direction 

The  above  facts  are  known  as  Laws  of  Paral- 
lel Currents  and  may  be  stated  as  follows  ; 

til  Two  parallel  conductors  attract  each 
other  il  currents  through  them  How  in  the 
nanv  direction  and  repel  each  other  if  the 
currents  through  them  flow  in  die  appt* 
life  directions. 


1— J-J 


Fit-.  6.24 


Iff  I  The  force  hetwecn  two  such  panillel  conductors  Is  proportional  tu  the  product  of  current 
strengths  and  to  the  length  oi  the  conductors  considered  and  varies  inversely  as  the  distance 
between  them 

f>.2h.  IMimii»u  of  VnijitTt 

tf  has  been  proved  in  An  6.1  "J  above  that  the  force  between  two  infinitely  long  parallel  cur- 
rently carrying  conductors  is  given  by  the  expression 


r  = 


2  mi 


4jt  *  1(1"   /,  /.  / 


:t,  t- 


=  2  x  10  —111  |sj 
a 
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The  force  per  metre  run  of  die  conductors  is 

F  =  2x}0_1-^N/rn 
d 

if  J  =    =  1  ampere  (saj)  and  d  =  I  metre,  then  F  -2  x  10  N 

Hence,  we  can  define  one  ampere  current  as  that  current  which  when  jltming  in  each  of  the  two 
infinitely  long  parallel  conductors  situated  in  vacuum  and  separated  I  metre  between  centres,  pro- 
dui.es  an  each  ennductar  a  farce  af2xl0~'  N  fter  metre  length. 

Example  6,6,  fiw>  infinite  puratbl  eimdurtars  earn,  parallel  curmU,\  uf  10  ump  eucli  Find 
the  mtiitmtude  awl  directum  of  the  force  between  the  ctnutwhn*  pa  metic  length  if  the  distance 
between  them  is 20  cm.  I  Elect.  Engg.  Material  -  LI  Punjab  Univ.  Muj  1  ***J4 ■  i 

Stduiinn.  F  =  2x  |0"7  IQx  10x  1  m  =  Kf4  N 

0.2 

The  direction  of  force  will  depend  on  whether  the  two  currents  are  flowing  in  the  same  direction 
or  in  the  opposite  direction.  As  per  Art.  6, !  9.  it  would  be  a  forte  of  attraction  in  the  first  case  and  that 
or  repulsion  in  the  second  case. 

Example  6.7.  Two  long  xminftu  parallel  wires,  sftotihity,  tit  nti  2  m  upon,  carry  cumnt.i  I,  and 
l}  in  the  same  directum.  The  mngnrtir  mtenrin  at  a jwint  mtduay  between  the  wiie>  t.\  7  AT/m. 
If  the  fon  e  >m  each  »  trr  per  unit  length  I*  2.4  *  Uf  A',  evaluate  },  and  K 

Solution.  As  seen  from  An.  6.17.  the  magnetic  intensity  of  a  long  straight  current-carrying 
conductor  is 

H  =  —  AT/m 
2irr 

Also,  it  Is  seen  from  Fig.  6.23  that  when  the  two  currents  flow  in  the  same  direction,  net  field 
strength  midway  between  the  two  conductors  is  the  difference  of  die  two  field  strength?:. 
Now,  Hx  -  l.t-fi  and  H-,  =  \J2n  because  r  =  2i\  =  I  metre 

ll—h-  =7.95  .-.  /.-/,  =  50  -M) 
In  2n 

Force  per  unit  length  uf  the  conductors  ii  /'"  =  2  x  10    !\1-Jd  new  ton 

2.4  x  10""  =  2x  10"1  /,//2         /,/,  =  2400  ,4*0 
Substituting  the  value  of/,  fnuiiO'l  in  u/i.  we  gei 

(50  +  ;,)/:  *  2400    or    // +  50A,  -  2400  =  0 
or  (?a  4  8P>(jr^30>  *  0    .'.    /2  =  .W\    and    /,  -  50  +  30  =  m  A 

Tutorial  PruhJems  No,  ft.  I 

1.  The  force  between  two  long  parallel  conductors  is  15  kg/meue.  The  conductor  spring  is  lOeiiL  It 
urn  LtitiJucLur  carries  iwice  the  current  of  the  mher.  Calculate  (he  EUfTffK  m  each  conductor. 

Ih.lltiO  A;  1X120  A  | 

2.  A  wire  is  bent  into  a  plane  to  form  a  U)uare  of  30  cm  side  and  a  current  of  100  A  is  passed  dirough  iL 
Catculflie  the  filed  strength  set  up  at  the  centre  of  the  square.  f3W  \  l'/m  I 

I  Electrotcchnics  - 1.  MS,  Dtfh  Harmhi.  April  1«i7<j> 

MAGNETIC  CrRdTT 

6.21.  Magnetic  Circuit 

It  may  be  defined  as  the  route  or  path  which  is  followed  by  magnetic  flux.  The  law  of  magnetic 
circuit  Lire  quite  similar  lo  (hut  not  the  same  as)  those  of  the  electric  circuit. 

Consider  a  solenoid  or  a  toroidal  iron  ring  having  a  magnetic  path  of  I  metre,  area  of  cross 
section  A  m"  and  a  coil  of  A1  turns  carrying  /  amperes  wound  anywhere  on  it  as  in  Fig,  6.2? 

Then,  a*  seen  from  Art,  6.15,  field  strength  inside  the  solenoid  is 


\fagneti\m  and  Electrvmagnctism 


Now               a  =  f^i- 
Total  flux  produce  <t>  =  B  xA  =    Wh 

/ 

rj>  =   ^  -  Wb 

The  numerator  'A7'  which  produce*  magnetization  in  the  magnetic 
circuit  is  known  as  magnetomotive  force  tm.m.f.).  Obviously,  its  unit  is 
ampere-turn  I  AT)*,  tt  is  analogous  10  e.m.i".  in  an  electric  circuit. 

The  denominator    _[  is  called  Hie  reluctance  of  the  circuit  and  is  analogous  10  resistance  in 

electric  circuits. 

flu*  =     m-m-f-      or  £ 
reluctance  j 

Sometimes,  the  above  equation  is  called  me  ""Ohm's  Law  of  Magnetic  Circuit"  because  il  re- 
sembles a  similar  expression  in  electric  circuits  l.e. 

curreni  =     cmX       or   /=  % 
resistance  K 

A.22.  Definitions  ( 'oiieernirie.  Magnetic  Circuit 

J.  Munnetomotive  force  tm.m.f.;.  li  drives  or  tends  to  drive  flux  through  a  magnetic  circuit 
and  corresponds  to  electromotive  force  te.m.f.)  in  an  electric  circuit. 

MM  S  .  is  equal  [•  i  tht  work  Jone  in  |$uk's  in  tarrying  a  unit  magnetic  pole  oikl  « 1 1 1 •  ■  ■.< _lj : '  ilw 
entire  magnetic  circuiL  It  is  measured  in  ampere-turns. 

In  fact,  as  p.d.  between  any  two  points  is  measured  by  the  work  done  in  carrying  a  unii  charge 
from  one  points  to  another,  similarly,  m.m.f.  between  two  points  is  measured  by  Uie  work  done  in 
joules  in  carrying  a  unit  magnetic  pole  from  one  point  to  another, 

2.  Ampere-turns  tATt.  li  is  the  unit  of  magneiometre  force  (m.m.f.i  and  is  given  by  the 
product  of  number  of  turns  of  a  magnetic  circuit  and  the  current  in  amperes  in  those  turns. 

3.  Kducfcinev.  It  is  the  name  given  to  that  property  of  a  material  which  opposes  the  creation 
of  magnetic  flux  in  it.  ft,  in  fact,  measures  the  opposition  offered  to  the  passage  of  magnetic  flux 
through  a  maienyf  and  is  analogous  to  resistance  in  an  electric  circuit  even, in  lorm.  Us  units  is 
AT/Wb,-* 

reluctance  -  —  .  resistance  =  p  -r  - 

MA  A  a  aA 

In  oilier  words,  ihe  reluctance  of  a  magnetic  circuit  is  the  numher  ol  amp- turns  required  per 

webcrof  magnetic  flux  in  the  circuit  Since  I  AT/Wb=  1/henry.  the  unit  of  reluctance  is  "reciprocal 

henry  " 

■A.  Permeance,  h  is  reciprocal  of  reluctance  and  implies  the  case  or  readiness  with  which 
magnetic  flux  is  develops.  It  is  analogous  to  conductance  in  electric  circuits.  It  is  measured  in  terms 
of  Wb/AT  or  henry. 

Stncdy  speakme.  a  should  he  only  lunpcre'  because  nam  have  no  aniL 

**    Fr*nn  tbc  raiion  4*  =  — riunJ.    .  it  in  obvious  dial  reluctance  =  mjn.l.Kf*    Since1  in  m  I  c  in 
nduetenat 

ampere  lum*  and  flux  in  wehers,  unit  of  reliietiincL'  is  ampere -InmAve.  her  fAT/Wh)  or  AAVb. 


2?n 


lih  ctt  ical  t\  ,  htuiltig} 


5.  Reluctivity.  It  js  specific  reluctance  and  corresponds  to  resistivity  which  is  'specific 
resistance', 

6.23.  (  omptisilt  Scries  Mam  it  tic  t  IrciiJl 

In  Fig.  6.2ft  is  shown  a  composite  series  magnetic  circuit  consisting  of  three  different  magnetic 
materials  of  different  permeabilities  and  lengths  and  one  air  gap  (p,r  =  Ik  Each  path  will  nave  its 
own  reluctance.  The  total  reluctance  h  the  sum  of  individual  reluctances  as  they  arc  joined,  in  series. 


total  reluctance  =  X 


-\-- 


+  ■ 


Arr  (kip 


+ 


HKA    ^'^^i  "M 


flux  *  = 


iiLm.t. 
i 


Fip.  ft.2f> 


fi.24.  How  to  Kind  \mpert-lurns  V 

It  has  been  shown  in  An  6.1 5  that  H  =  NM  AT/m  or  Nl  =  H  x  I 

ampere-tums  AT  -  H  *.  / 
Hence,  following  prciccdurc  should  be  adopted  for  calculating 
the  total  ampere  turns  of  a  composite  magnetic  path. 

(fl  Find  H  for  each  portion  of  the  composite  circuit  For  air,  H  =  iJ/jj,,,  otherwise  H  =  fl/jiuM, 
(ii)  Find  ampere- turns  for  each  path  separately  by  using  the  relation  AT  =  H  >:  /, 
Uii)  Add  up  these  ainpenMiirns  to  get  tlie  total  ampere- turns  for  the  entire  circuit. 

f».25.  t'omparisiii!  flct«ccn  Magnetic  and  Elet'tric  Orcults. 

SlMlLAKIMES 


Magnetic  C'irctril 


Electric  Circuit 


Mivrr 


1.  Flux  = 


[  Ml 


2, 
X 

4. 


reluciance 
M.MF.  tampcre-turrtst 
Flu  a  (webers) 
Flu*  density  fl  (WtVnV  "r 

Reluctance  5 


Permeance  (=  ^reluctance  i 
Relucitivity 

Permeability  f  =  I /reluctivity  ) 
Total  m.mJ.  -  *  .5,  +  *  S-.  +  «J>  S}  + 


Fig.  6-2H 

Current  =  -B^L- 
resistance 

E.M.F.  (volts) 

Current  /  (amperes) 

Current  density  iWai') 

I  I 

resistance  R  =  p  —  =  — - 
A  pA 

Conducianee  (=  I  /resistance) 
Resistivity 

Conductivity  (=  1 /resistivity) 

9.  Total  e.m.f  =  /fl,  +  tR7  4  iRt  + 


DIFFERENCES 

1.  Strictly  speaking,  flux  does  nol  actually  'flow*  In  the  sense  in  which  an  electric  current  flow*, 

2,  If  temperature  is  kept  constant.  Ihen  resistance  of  on  electric  circuit  is  constant  and  is 
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independent  of  the  current  strength  lor  current  density).  On  the  other  hand,  the  reluctance  of  a 
magnetic  circuit  docs  depend  on  flux  (and  hence  flux  density}  established  in  it  h  is  so  because  p. 
I which  equals  the  slope  of  BiH  curve  j  is  noi  constant  even  for  a  given  material  as  it  depends  on  the 
flux  density  B  Value  of  |1  is  large  for  low  value  of  B  and  vice-vtrrsu.  Hence,  reluctance  is  small  [5 
=  l/\LA )  for  small  values  of  B  and  large  for  large  values  of  B. 

3.  Flow  of  current  in  an  electric  circuit  involves  continuous  expenditure  of  energy  but  in  a 
itii^Tivlii.  circuit,  energy  lis  needed  i tn I y  creating  ihc  flux  initially  hul  nol  for  maintaining  it. 

6.26.  E'uralkl  Magnetic  Circuits 

fig.  o.2u  \,u\  shown  a  parallel  magnetic  drum  eoniisting  of  two  parallel  magnetic  paths  ACB 
and  AL>H  acted  upon  by  the  same  m.m.f.  Each  magnetic  path  has  an  average  length  of  2.  t/(  +  I-,) 

-t 


M 

The  flux  produced  by  the  coil  wound  on  the  central  core  is  divided  equally  ai  point  A  between  the 
two  outer  parallel  paths.  The  reluctance  offered  by  the  two  parallel  paths  is  =  half  the  reluctance  of 
each  path 

Fig.  t>29  lb}  shows  the  equivalent  electrical  circuit  where  resistance  offered  to  the  voltage 
source  is  -  K\R  =  Rfl 

It  should  be  noted  that  reluctance  offered  by  the  central  core  All  has  been  iieglecteii  in  the  above 
treatment. 

fp.27.  Sirics  Pwalkl  MugiiHu  Circuits 


Fig.  f».30 

Sjch  a  circuit  is  shown  tn  Fig  6 JO  <<j>.  It  shows  two  parallel  magnetic  circuits  ACB  and  ACP 
connected  across  the  common  magnetic  path  AB  which  contains  an  air-gjp  oi  length  / ..  As  usu.il. 
1  he  flux  <t>  in  the  common  core  is  divided  equally  at  point  A  between  the  two  parallel  paths  which 
lia\e  equal  reluctance.  The  reluctance  of  the  path  AB  consists  of  (0  air  gap  reluctance  and  in)  the 
reluctance  of  the  central  core  which  comparatively  negligible.  Hence,  the  reluctance  of  the  centra! 
core  AB  equals  only  the  air-gap  reluctance  across  which  are  connected  \<*o  equal  parallel  reluc- 
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Lances.  Hence,  (he  tnntf.  required  for  this  circuit  would  be  the  sum  of  (i)  ihai  required  tor  the  air-gap 
and  00  thai  required  for  either  of  two  paths  (not  both)  as  illustrated  in  Ex.  6. 19.  6  20  and  6.2 1  - 

The  equivalent  electrical  circuit  is  shown  in  Fig,  6.30  (b)  where  the  total  resistance  offered  in 
the  voltage  source  is  -  Rt  +  R\\R  -  /?,  +  Rfl. 

A..I8.  leakage-  Flux  and  Hopkinson's  Leakage  Cocffirienl 

Leakage  flux  Ls  the  flux  which  follows  a  path  nor  intended  for  tL  In  Fig,  6.3 1  is  shown  on  boo 
ring  wound  with  a  coil  and  having  an  air-gap.  The  flux  in  the  air-gap  is  known  as  the  useful  flux 

because  it  is  only  this  flux  which  can  be  utilized  for  various  useful 
purposes. 

It  is  found  thm  it  is  impossible  to  confine  all  the  flux  to  the  iron  path 
only,  although  it  is  usually  passible  to  confine  most  of  the  electric 
current  to  a  definite  path,  say  a  wire,  by  surrounding  it  with  insulation 
Unfortunately,  there  is  no  known  insulator  for  magnetic  flux.  Ait. 
which  is  a  splendid  insulator  of  electricity,  is  unluckily  a  fairly  good 
magnetic  conductor.  Hence,  as  shown,  some  of  the  flux  leaks  through 
air  surrounding  the  iron  nng.  The  presence  of  leakage  flux  can  be 
detected  by  a  compass.  Even  in  the  best  designed  dynamos,  it  is  found 
that  1 5  to  20%  of  the  lotal  flux  produced  leaks  away  without  being 
Fig.  6J1  utilised  usefully 

l£  4>,  =  total  flux  produced  :  4>  =  useful  flux  available  in  the  air-gap. 

then 

_  .      .       total  flux  » 

leakage  coefficient  K  =   — —    nr    *  =  ^ 

useful  flux  <v 

In  electric  machines  like  motors  and  generators,  magnetic  leakage  is  undesirable,  because,  al- 
though it  does  not  lower  their  power  efficiency,  yet  ii  lead'-  to  their  increased  wieght  and  cost  .if 
manufacture.  Magnetic  leakage  can  be  minimised  by  placing  the  exciting  coils  or  windings  as  close 
as  possible  to  the  air-gap  or  to  the  paints  in  the  magnetic  circuit  where  flux  is  to  he  utilized  for  useful 
purposes. 

It  is  also  seen  from  Fig  b.3 1  thai  there  is  fringing  r»r  spreading  of  lines  of  flux  at  ihc  edges  of  the 
air-gap.  This  fringing  increases  the  effective  area  of  the  air-gap. 

The  value  of  X  for  modem  electric  machines  vanes  between  1. 1  and  1.25. 
h.;**.  Magnetisation  (  ur\i> 

The  approximate  magnetisation  curves  of  a  few  magnetic  materials  are  shown  in  Fig.  6-32- 

Thesc  curves  can  be  determined  by  the  following  meihods  provided  the  materials  are  m  the 
form  of  a  ring  . 

u.  j  Bs  means  of  a  ballistic  galvanometei  and       R\  Tieans  of  a  fluxmetci 
f>.30.  Magnetisation  <  unes  by  Hallisiit  Galvanometer 

In  Fig.  6.33  shown  the  specimen  ring  of  uniform  cross-section  wound  uniformly  with  a  coil  P 
which  is  connected  to  a  battery  B  through  a  reversing  switch  RS.  a  variable  resistance  R}  and  an 
ammeter  Another  secondary  cod  S  also  wound  over  a  small  portion  of  the  ring  and  is  connected 
through  a  resistance  R  to  a  ballistic  galvanometer  BG 

The  current  through  the  primary  P  can  be  adjusted  with  the  help  of  >J?t.  Suppose  the  primary 
current  is  /.  When  die  primary  current  is  reversed  by  means  of  RS,  then  flux  is  reversed  through  i~, 
hence  an  induced  e-m.f.  is  produced  in  it  which  sends  a  current  through  BG  This  current  is  of  very 
short  duration  The  first  deflection  or  "throw '  of  the  BG  is  proportional  to  the  quantity  of  electricity 
or  charge  passing  through  it  so  long  as  the  lime  taken  for  this  charge  to  flow  is  short  as  compared 
with  the  time  of  one  oscillation. 
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Fig.  633 

Tf    6  -  first  deflection  or  'throw'  of  the  galvanometer  when  primary  cunrcni  /  is  reversed. 
A  n  ballistic  constant  of  the  galvanometer  Lt,  charge  per  unit  deflection, 
then,  charge  passing  though  BG  is  =  Ml  coulombs  ».(0 
Lei  <t>  =  flux  in  Wb  produced  by  primary  current  of  /  amperes  ; ;  =  time  of  reversal  of  flux  ;  then 


rale  of  change  of  flux 


2* 


VSbts 


If  N7  is  the  number  of  turns  in  secondary  coil  S.  then  average  c.mi,  induces  in  it  is 

=  N2  .  2±  volt. 
i 

2JV,<I> 

Secondary  current  or  current  through  BG  -  -  — ^ —  amperes 

•V 

where  R,  is  the  total  resistance  of  the  secondary  circuit. 

Charge  flowing  t]m>uih  KG    average  current  <  time  -       —  ■  t  =       —  coulomb  ...(«) 


Equation     and  (it),  we  get  AO  - 


2MI  Etn'triail  t'n'httuhity 

If  A  m"  is  the  cross-  scciiunaj  area  nf  ihe  ring,  then  flux  density  is 

If  A',  is  ihe  number  of  primary  turns  and  /  metres  the  mean  circumference  of  the  ring,  then, 
magnetising  force  H  =  NJ/l  AT/m. 

The  above  experiment  is  repeated  with  different  values  of  primary  currenl  and  form  ihe  data  so 
obtained,  the  BiH  curves  »r  magnciisalion  curves  can  be  drawn. 

AJI.  Mttimrtisalinn  Curves  hj  Flwxmeter 

In  this  method,  the  BC  of  Fifs.  6.31  in  replaced  bv  a  fluimeler  which  is  just  a  special  type  of 
ballistic  galvanometer.  When  curreni  through  P  is  reversed,  the  flux  is  also  reversed.  The  deflection 
■  if  Ihe  nu\meter  is.  proportional  to  die  change  in  flux-linkages  of  ihe  secondary  coil  II  the  flu*  is 
reversed  from  +  <J>  to  -  <P.  the  change  in  flux-linkages  in  seconder}  i"  in  =  2  <t>  N,, 

ll  Q  =  corresponding  deflection  of  the  flux  meter 

C  =  fluxmeier  constant  i.e  wcber-tunis  per  unii  deflection, 
then.  change  of  flux- linkages  in  S  =■  CB 

2*/V,  =  C9    or  Owb;  B=  %*J3-1Mtf 

M2  A  2AM 

Example  fc.H.  A  thnmrh-t  it  i  imnected  tt>  a  w&reb-voil  jfcmAiy  0flO  utm\  <iuil  HMhM  umt  of 
4  i-m"  The  stareh  n'il  )i  filmed  fit  the  remtr  tiftnt  air  ft i mi  \oiemml  i  metre  Ions;  ,md  nuitiut  with 
liHHt  man  When  a  mrrent  iff  4  A  u  revrrwd.  then-  is  a  defttxtnui  vf  20  %i~tilr  tftvisum,*  <m  ihr 
fluiunetrr    Calrululr  the  ndihratinn  in  Wh-ttint.\  per  \enie  dtviswtt 

iMmsur^imntS'l.  \aupur  llniv.  IW|  I 

Solution.  Magnetising  force  of  the  solenoid  is  H  =  NUi  AT/m 
/f  =  m,,  //  =  n,(  AflW  =  4tc  >  |0"1  *  IGOO  x  4/1  =  I6n  x  I  IT1  Wh/m: 
Pux  linked  with  ihe  search  coil  is 
Till ul  change  ol  llux- linkages  on  reversal 

=  2  x  64ji  x  10"*  a  600  Wb-tunx  -Art  6.29 

=  7.6flji  x  WT*  Wb-tums 

,_,  _ .  .       Change  in  llux-linkagcs 

Fuxmcter  constant  C  is  given  bv  =  — rrr  ;  . — 

deflection  produced 

=  7.68it  x  10^/20  =1.206  x  llT1  WlMunvs/dlviilun 

Kxumple  A.V.    \  bnUlcXic  lahwpUDBfW!  iimnfciffi  in  >i  wanh  fad  for  measuring  f)u\  denxm 

rw  ti  twr.  ci\rs  u  jJwjm  <»/  //W  iiiiir  d<\  i.\iim\  *<n  ivhtmI  «i;  /7fu    77ii  jjw/vniWHifftT  r/>rf  /w.<  u 

ri  u.tfnrriT  f/  IMinhm   Ihr  \inl\  ammeter  ctmstunt  i*  tOO  ^iC  per  mile  dtviMim.  The  ivurih  itni  hay 

mi  ffntl  u/.sVJ  i  /n'  u  tiniul  u  rJ/r  /^K)  funn  htiviny  ti  ti-Kiitunve  nf  20  t>iun   Ctih  nhttr  the  llm  ifrm/ri 

l«  *<u-  .  ■  HI  iKlect  Instru  &  Mcusu.  Na^pur  l  ni>.  I'MZi 

SniutioM.   As  seen  from  Art  6.28. 

M  =  lv;*/fi,     or   4>  =  fcW?,/ZV,  Wb 

Here  A  =  100  jtC/division  =  100  x  10^  =  10^  C/division 

«  =  100^  =  50^^5x10^1^ 

ft,  =  l80»20=2f»Q 

B  =  W~*  x  lOtl  x  200/2  x  HXXI  x  5  x  10"'  =«.2  Wh/m2 


Magnetism  ami  Fteettamagnetwm  2i>\ 

k\umpk-  Mil.  \  rtti,;  <*nv,"!r  t<!  iron.  (Uinl  with  n  fnmars  ami  a  ta-omlar->  mndlng  is  to  In 
tmrd  In  the  metlm!  of  mersvh  to  obtotn  its  B/H  ninr  Gtvf  a  duiguim  of  nman turns  eiolain 
bnrtJi  how  the  lesi  einild  If  eiimrtl  nut 

in  an  h  it  U"\i,  tht'  firiamr\  winding  of  41)0  funn  <.urrirs  a  eurrrtu  »f  I.M  A.   On  rvvrrwl 
r  luuif-e  of  &  <  10    Wb-tunu  1,1  rrearded  in  the  \ei  ondarv  mniiing  u(  10  nun*   Tlie  rin/i  is  made  up 
n{  VU  Innunattmis  rmh  0.5  mm  tha  i  mill  miter  ami  timer  .burnetii  *  of  75  uml  2'  em  ivsfHt  fisvte. 
\\uamim  uniform  fhe\  distribution  determine  tht  tain,  >     it  ii  ami  the  (fun,  ability 

"v>luli«m.  Here,  change  of  dux- linkages  =  2*  ,V,  =  H  x  1(1"'  Wb-iums 

2*x  10  -  8*  10  3   or   *Mx  \$*  Wh  and  A  =  2.5  x  10^  m: 

^xlO"4  ^    ,   „    jv/    400x1.8  „. 

8  s   -r  =  1 .6  Wb/m  ;H=~  =  ----- —  ■  M5  A  17m 

2.5x10  I  0.24k 

Nnw  MeJi;  «  4tM,»rT?*:      ^    —  =I.W3 

"         Rj"    4**10   x  MS 

Example  <>.  J  I.  Wi  flue  "/  .'.>  <  m~  i  lois-stitlatuiJ  area  h  r//i  a  tnruw  lemctll  of  tCO  r  r/r  U 
u'uunrf  nllli  u  mngnetisaig  mmtini;  rtf  /fJff  Im/i/a  .-\  seiotuiurx  end  at  turns  aj  \eire  i\  eonneeteii 
to  a  bnjiiuii  galixutumetei  having  a  constant  of  I  miciv-eoulomb  fiet  s\.alc  di  visum,  t/n  total  resii 
lam  i  i-r  ill.  ■<•(  -niduv\ ' m  ""  /"*'"H'  20tW  ii  CJ«  rrv^r,vin^  a  euriTtit  a/  W  A  in  the  nuignetlstng  >  oil 
the  ^ai  milometer  gnvt  u  tliunv  of  2t)t)  seal?  dMnitma.  C*tt\  ultttc  the  Jinx  tlensm  at  the  s/tt'i  man  uml 
the  valnr  oj  the  m  inu  ability  at  tin*  f}u»  ikmjty  i  Flecl.  \U-asurf,  V.M.I.E  Stt-.B.  I"J**2i 

Swlutioti-  Reference  may  please  be  made  to  Art.  fi.28, 

Herr  JV,  =  [Q0 ;  /V;  =  200  .4  =  3^  «  IH^  m:  .  I  =  100  cm  =  Im 

I  =  10"*  C/division.  6  =  100  divisions:  /?,  =  2000  Q;  /  =  10  A 

a       k9R.      \0'<rx  100  x  2000      ,  „  ^ ,  i 
a  -   *  =  —   —  —  |. 4 i  Vr  Win 

2N,A  2x200x3.5x10 
Mugnctising  force  H  =  A,  tfim  100  x  1 0/1  =  1000  AT/m 

f  ti  f  =  fs5-M3x,0",l,ym 

V<i<-.  flic  rclaiivc  pLTmeabiliiy    given  by  jir  >  ji  t     «  1 .43  x  lO"3/4it  x  10"1  ■  1157. 

Example  6.12.  \n  iron  nnu  has  it  mean  ilmmeter  of  0. 1  m  xmti  a  cnisi~*fftain  tjf-Jt-Jl  >  fff 
m'.  It  Jbr  V  r'rif<jr  u  ith  a  magwtitwft  winding  of  ?20  turns  unit  the  seamdary  winding  rtf  220  turns 
thi  ten  j-.vmnt  a  i  iiirem  in  It*  \  w  the  magnetising  wauling  a  bailnne  giitvtttionu'trr  t;i\-e\  a  fhnm  of 
2T2  suite  liivisnms.  while  a  Hiihe't  Mavnetu  uum/nnl  with  III  turns  ami  a  fht\<>l  2.!>  x  It)  v  anes  a 
tcutlinv  ,'t  t<>2  setili  ttivtsions.  oilier  t  tniditnm.s  remaining  the  uUne  FimI  llu  nittltee  fsrrinetifnhri 
nf  the  sfteeimea.  iEI*m-I.  Meavu.  A.M. LP-  St*  0.  I'WI  i 

Solulit>n.  Length  of  the  magnetic  path  /  =  *  O  =  0.1  *  m 
Mtipjictiiing  hiruc,  H  *  NIfi  =  320  x  10/0.1  ji  =  10.18ft  AT/m 

Flux  density  B  =  m,  n,  It  =4*x  I0'T  x  ij>  x  10.186  =  0.0128  m, 
Now,  irum  Hilbcrt's  Magnctk-  '.lundnrd.  ivc  have 

2  5  x  lO'4  x  1(1  =     x  102.  K  =  2.45  x  iff* 


i  . Mi  reversing  .i  current  uf  10  A  in  ihc  magnetising  winding.  li»tal  change  in  YYcbcr- turns  Is 
2*  Ht  =  2.45  x  WF*  x  272  or  2  <  220  X  *  =  2.45  X  10 _i  x  272  Of  <fr  =  1 .5 1  x  10  *  Wb 
.-.    It  =  0/A  =  |  _M  x  |H"7J3.5  x  10"*-  0.45  %W 
Suhstituling  tliiv  vulue  in  Eq.  If),  we  have  0.0128  fjf  =  0.45,  .-.  pf  =  35.1 
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Fvumplc  6-13.  A  lamuuited  soft  iron  ring  of  wtxinv  permeability  lOtXI  hux  a  mean  vircumfvr 
ence  of  HOll  mm  ami  a  cross -sectional  area  500  mm     A  rudiai  air-^up  of  I  mm  width  is  ctii  in  the 
nnft  whit  It  is  wound  ivtih  HMMl  turns   Calcultue  the  i  urwt  required  t<>  ptmluce  an  air-gap  flia  of 
11.5  mWh  if  leakiigr  ftiilur  is  1.2  and  stacitng  factoi  0»  Negtaa  fringing 


Suluiinn. 


tit  j 

Total  AT  reqd.  -  *  S,  +  *,  J.  -  +  —  1  '  „ 


Now.  air-gap  flux  %  -  05  mWb  -  0. 5  x  10  3  Wb,  tf =  I  mm  =  I  x  10  *  m;  A?  ^  500  mm2 
^  500  x  10"*  m2 

Flux  in  ihc  imn  ring, 


(p,  -  U  x  03  x  10"3  Wb 


Net  cross-sectional  area  =  Ai  x  stacking  factor  -  500  x  10  6  x  0.9  m~ 


4nx  I0"7  x50f)xl0"tf 


1.2x0.5x10  3x  800x10  1 


-1644 


4nxl0"7x  1 000  x  (0.9  x  500x10"*) 
/  =  (644/1000  =  1.64  A 

Example  6. 14.  A  nng  has  a  diameter  of  21  cm  and  a  cross- sectional  area  of  10  cm'   The  rwn 
is  made  up  of  semicircular  sections  of  vast  mm  and  cast  steel,  with  euch  joint  having  a  relurnmii 
equal  to  an  air-gap  of  0  2  mm.  find  the  ampere-turn*  required  to  produce  a  flux  of  S  x  Hf1  Wb. 
The  relative  permeabdities  of  cast  steel  and  cast  iron  are  fiOO  and  166  respectively. 
NegUtl  fringing  and  letiiaxte  effects.  (Fled.  Circuits,  South  (iujamt  <  ni\.  ■ 

Solution.  <J»  =  B  x  ifT*  Wb :  A  -  10  cm1  *  10*  m2:  B  =  *  x  10^/10"3  -  0.8  Wb/irf 

Air  piyt 

H  =  JlfUjj  -  0.8/4K  x  10"T  =  6366  x  105  ATM 
Total  air-gap  length  -  2  x  0,2  =  0.4  mm 

=  4  X  10"*  m 

.'.    AT  required  =  //  x  J  =  6,366  x  iO5  x  4  x  10^  =  255 
Cast  Sled  Path  (Fig.  634) 
// ■  fl/u,,  p,=  0.8/4*  x  I0~T  x  800  =  796  AT/m 
path  =  ir  £/2  =  21  n/2  =  33  cm  =  033  m 
AT  required  =  H  x  /  =  796  x  033  =  263 
Cast  Inin  Path 

H  =  0.&/R  x  I0"7  x  166  =  3.835  AT/m  ;  path  =  033  m 
AT  required  -  3,835  x  0.33  -  1265 

Total  AT  required  =  255  +  263  +  1265  =  1783. 

Fx;irnpl«  6.15.  *  mild  v.v  .  .'  rm%  of  Mi  cm  mean  circumference  lias  a  cnms-secliimal  urea  of 
ft  t  nf  and  has  a  winding  of  500  turns  on  is.  The  rinjf  is  cut  thmugh  at  a  point  so  as  to  provide  an 
atr-ftufi  of  I  mm  in  the  magnetic  circuit.  It  is  found  that  a  current  of  4  A  m  the  winding,  produces  it 
flux  density  of  I  T  in  ihr  titi-ifnp  Find  \ii  the  rehuhv  permeability  of  the  mild  steel  and  tit)  induc- 
tance of  the  wuuhng.  (F.E.  EtttUl-  Pune  Univ.  Nov.  1 988) 
solution.  \a  i  SU'el  rinfi 

H  m  3%  ur  m  \I41ZX  I0'7  x  ji,  AT/m  m  0.7957  x  1 07/ur  AT/m 
m.m.f.  =  H  x  /  =  (0.7957  x  J07/jiJ  x  29.9  x  l0-3  =  0.2379  x  !0%r  AT 

I*  I  Air-t;ap 

H  =  S/Mo  m  l/4it  x  10"7^  0.7957  X  106  AT/m 
dun  f.  reqd.  t  Jf  x/  a  0.7957  x  10ft  x  ( I  x  |0_1J  =  795.7  AT 
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Total  m  m.f.  =  (0.2379 x  lOfy,*  +  795 .7 
/V/s  500  x  4  =  2000  AT 
{0,2379  x  ]0*/u,)  t  795.7    .'.    >ir=  197.5 
jVg  ^  fY&4  _  500x1x6x10^* 


2*3 


Total  m.m.f.  available 
(ft  2000 

Hi)  inductance  or  the  winding  = 


=  0.075  II 


/  4 

Example  ft.  1ft.  An  iron  nng  has  a  X ■section  of  3  cm'  and  a  mean  diameter  of  25  cm.  An  air -gup 
of  0  4  mm  has  been  cut  acnn\  the  action  of  the  rms  The  nng  is  wound  with  a  coil  of  200  turns 
through  wluch  a  current  af2  A  is  passed,  tf  the  total  magnetic  flux  is  0. 24  mWh.  find  the  relative 
permeabdttx  of  iron,  assuming  no  magnetic  leakage  iFJecL  Kngg.  A.M.AeJvl^  June  1992  I 

Solution.  *  =  0.24  mWb;  A  =  3  cm1  =  3  x  \CT*  nT; 
B  =  <tHA^  0.24  x  10  '/3  x  JO"*  =  0.8  WWra3 

AT  for  iron  ring  =  H  x  /  =  [Bl^  \ir)  x  /  =  (0.8/4je  x  J0~T  x  pr)  x  0-25  =  I  -59  x  IO~5/ur 
At  for  air-gap  =  H  x  /  =  (8/^  x  /  =  (0&/4ii  x  L0"7)  x  0.4  x  10~3  =  255 
Total  AT  rrqd.  =  (139  X  lOfy,}  +  255  ;  toUil  AT  provided  =  200  x  2  =  400 
A    (139  x  loVp,)  +  255  =  400   or    ur  =  109ft. 

Example  ft.  17.  A  rectangular  mm  care  isxhiwn  in  Fig.  6.35. 
It  has  a  mean  length  of  magnetic  path  of  1 00  cm.  ,  rosx-  section  of 
1 2  cm  x  2  cm),  relative  permeability  of  1400  and  an  air-gap  of 
5  mm  cut  in  the  tore  The  three  coils  carried  bx  the  core  have 
number  of  turns  Na  =  335,  Nti  =  600  and  Nt  -  600  j  and  the  respec- 
tive i  ttr  rents  at,-  I  6  A.  4  A  and  i  A.  The  directions  of  the  current* 
are  a.\  shown    Find  the  flux  in  the  air-gap 

(F,Y.  Ehrr.  Pune  Univ.  Nov,  1987) 

Solution.  By  applying  the  Right-  H;ind  Thump  rule,  it  is  found 
that  fluxes  produced  by  die  current  tm  and  lk  Are  directed  in  the 
clockwise  direction  through  the  iron  core  whereas  thai  produced  by  current  f  is  directed  m  the 
anticlockwise  direction  through  the  core. 


I 

i 


Fig.  6.35 


total  m.m.f.  =  Nu  !u  +     tb  -  Nc  /,  =  335  x  1 .6  +  600  x  4  -  600  x  3  =  1 136  AT 


Reluctance  of  the  iiir-gap 


I 


5  x  ID3 


—  =  9.946  x  10''  AT/Wb 
V-cA    4KX10  x4x(0^ 

/   1 00  -  (0-51  x  10  J 

Hr  A  "  4n x  I0~7  x  1400  x  4  x  10^ 
Total  reluctance  =  (9.946  +  1.414)  x  10B  =  11 36  x  10*  ATAVb 
The  flux  in  the  air-gap  is  the  same  as  in  the  iron  core. 


Reluctance  of  the  iron  path  ■ 


*  1.414  x  10*  AT/Wb 


Air-gap  flux  = 


m.m.f. 
reluctance 


1136 


=  100  X  I0~*  Wb  =  H>0>Wh 


1136x10 

F.xampU'  6.18.  A  scnex  magnetic  circuit  <  omprises  of  three  sections  \i)  length  of  80  mm  with 
cross-  sectional  area  60  mm'.  (Hi  length  of  70  mm  willi  cross -sectional  area  Wmm~  urul(titl  and  air- 
gap  of  length  t>  5  mm  with  cross  icctional  area  of  60  mm  Sectionx  \  ii  tuid  (Hi  ore  if  u  maicnul 
having  nmgneiu  churtu  teuxth  ■  gi\cn  in  die  following  table 

HiAT/m)  100  210  J40  500  SOU  I5O0 

SlTeslal  0.2  0.4  Or,  0.&  1.0  U 

Dttennuie  the  current  necessary  in  a  coil  of  4000  turnx  wound  on  section  iiii  to  produce  a  fhu 
density  of  0.7  Fesla  in  the  air-gap.  Neglect  magnetic  leakage  (FJi.  Pune  Univ.  May  |99(I| 
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Solution.  ^I'L'iion  ir  i  ti  has  the  same  cross-sectional  area  as  the  air-gap.  Hence,  it  has  the  ydnn- 
flux  density  i.e.  0.7  Tclsa  as  in  ihe  air-gap.  The  value  of  the  magnetising  force  M  ctmcsponding  to 
this  flux  density  of  0.7  T  as  read  from  ihe  B-H  pit*  is  4 1 5  AT/m. 

nuiLf.  rcqd  =  H  y  t  =  4 15  x  (80  x  10"')  =  33-2  AT 

S  Lit  mil  if  i )  Since  its  cross- sectional  area  is  different  from  thai  of  the  air-gap,  its  flax  density 
would  also  be  different  even  though,  being  a  series  circuit,  its  flux  would  be  the  same. 
Air-gap  flu*  =  B  x  I  =  0  x  (60  x  10"*)  =  42  x  10"*  Wb 
Flu*  density  in  this  section  =  42  x  10^/80  k  10"*  =  0.525  T 
The  corresponding  value  of  the  W  from  the  given  garph  is  285  AT/tn 
m*>f.  reqd,  for  this  section  =  285  x  (70  x  10'3>  =  19.95  AT. 
Air-gyp 

H  »  Bl^  =  0.7/4ft  x  I0"7  =  0.557  x  10*  AT/m 

?.    m.m,f.  reqd.  =  0.557  x  10~*  x  (0.5  x  10"J)  =  278.5  AT 

Total  m.m.f.  reqd.  =  33.2  +  19.95  +  278,5  a  331.6 

-  .    t0  =  331.6  or  /  =  331.674000  =  Mil  A 

l.sjimpk-  h. |U.  I  titatnirtlt  circuit  p 
niiiiir  it/  mtltt  Mt'i  1 1*  umnrvrif  id  \h men 
in  Fist  ff*  Hie  venlntl  tvnb  ;.i  ntmmi 
\i  ithltx)  tWTiMJiuJ  litis  tt  tmw'ifctiitui) 
urvu  iif  ftiHl  mm'  Etich  of  fhr  tmtct 
lirnbx  An j  n «  'dii  in  tUfitui  atvu  of  5WJ 
mm"  Hit  uir-wii  tun  u  length  of  I  nun. 
Ciilcultitc  ith  currant  rijuiwl  at  \i>t  tip 
a  flux  of  l  .t  mWb  in  the  tMMmf  limb 
ti.\  wmiwi  rt<»  mogmnti  leakage  mul 
fnnfimi}.  \ftlrf  \reet  required  .( HtXI  A  Ti 
tntuprmlucejlHxtirnxitytift  rt2^  f  mul 
S.W  AT/m  to  product'  (hix  r/en.vrfr  i  if 

t  ir.V^EniK.  Puiw  Unh.  Mai  HWT7)  E  < 

Fin  b 

SdUitinn.  Run  in  the  central  limb 
is=  IJmWh=l.3x  I0"3Wb 

Cross  section  A  =  800  mm"  =800  x  I0"6  nr 

i,  =  <IVA  *  13 X  10^  /800  x  in_h 
=  1.625  T 

Corresponding  value  of  H  far  this  flux  density  is  given  as  3800  AT/m 

Since  the  length  of  the  central  limb  is  120  mm.  rrun.f.  required  is  =  f/xl=  3)*flOx{120x  10"') 

=  456  AT/m, 

Air-gap 

I  In  \  densils  in  the  air-gap  is  the  same  as  that  in  the  central  limb. 

H  -  S^,  =  l.fi25/4jr  x  10"1  =  0,1293  x  |{1"T  AT/m 
Length  of  the  air-gap  =  I  mm  =  10  '  m 

mm.f  reqd.  for  the  air-gap  =  H  x  f  =  0. 1 293  x  I  ()7  x  !  0"1  =  (293  AT. 

The  flux  of  Ihe  central  limb  divides  equally  at  point  A  in  figure  along  the  two  parallel  path 
A8CD  and  AfED.  We  may  consider  either  path,  say  ABCD  and  calculate  the  m.m.f.  required  lor  it 
I  he  same  m  in. I  will  also  vend  the  flux  through  the  other  parallel  path  M-f:h. 

Flux  through  ABCD  m  |J  tc  VSTJ2  m  0.65  x  I0~l  Wb 

Flux  density  B  =  0.65  x  IO'VsOO  »HF*sUT 

The  corresponding  value  of  H  for  this  value  of  B  is  given  at  850  AT/m. 

,-.    m  nuf  reqd.  for  path  ABCD  =  H  x  /  -  850  x  (300  x  tfj^j «  255  AT 

As  said  ubt>vc.  the  thi.v.  m  m.t  wtll  also  send  the  flux  in  the  parallel  path  M-F.f) 

Jtilsl  ni.rn.f.  reqd.  »  456  +  1293  +  255  =  2004  AT 


MofftiHhm  tuul  Eln  urumu%neti\m  2ft? 
Since  the  number  or  turns  is  500.  /  -  2004/500  -  4A 

V.  vampli-  ft.it).  \ .  <nv  wel  *.',«  rltvirvniaxnei  *Ar.ni  n  w  ftg.  b..1?  Um  a  .  <Ml  of  l(XJ0  nun  s  on  in 
ft/lira)  limb  Dttirinuir  the  rUfWM  that  the  HtM  ihtiuttl  curr\  h>  fninluie  a  tlit.\  i>t  2.5  m\\  I' in  tin 
atr-^a/i,  Mrghrt  icaktisic.  Diwrmm.y  mt  i{iven  num.  Hie  tnuiiiwliuilhui ,  unr  fttr  i  an  itfclt.nn 
muter  : 


I  tin  i/rruj/T  t  WMn  )  0  2 

■\in^-Nini\i'mrtrt  .  .100 


t'  <  if  7  10  ).2 

540        6so         am        i (so 

iHi-vinm.finics-l.  ;  M.S.  Univ.  Harbin  IVWO 


/' 

• 

* 

1 
1 

1 

F 

11 

T 

GO 

30 

1 

J1 

—  5 

ii 

-r — - 

rig,  6J7 


Si>lti(i<in.  Two  points  should  be  noted 

II  I  there  are  two  (equal )  parallel  paths  ACDE 
and  ACE  hctdss  ihe  central  path  AE. 

<  (( i  flux  density  in  either  paraille  path  is  half 
of  thai  in  the  central  path  because  (lux  divides 
fate  two  equal  parts  at  pomnL  A. 

Total  m_m.f.  required  for  the  whole  electro- 
muencl  is  equal  k«  [he  sum  o(  the  fnllmving  three 
m.m.ft. 

(/")  thai  required  for  path  EF 

Hi)  thai  requried  for  air-gap 
(iit)  that  required  for  either  of  the  two  parallel  paths  ;  say,  path  ACDE-, 

Flux  density  in  the  central  limb  and  air  gap  is 

=  2.5  X  I0"3/  {5  x  5)  x  IfT1  =  I  WhW 

Corresponding  value  of  H  as  found  from  the  gtven  data  is  900  AT/m. 

/,    AT  for  central  limb         -  «X)x0.3  =  270 

H  in  air-gap  =  Bi^  =  l/4it  x  10~7  =■  79.56  x  10*  AT/m 

AT  required  -  79.56  x  I04  x  10"3  =  795.6 

Flux  density  in  path  ACDE  is  0.5  Wb/mz  for  which  corresponding  value  of  H  is  540  AT/m. 

AT  required  for  path  ACDE  =  540  x  0.6  s  324 
Total  AT  required  =  270  +  795.6  +  324  =  1390  ;Current  required  =  1390/1000  =  IJlJ  A 
K  sum  plf  ft.2l.  ,-\  «  dm  tttet  nw^perti  Mrm  run'  madt  fori  bar  of  section  «t  vm  *  2  i  m  i.%  sheu  '■ 
m  Fift  f>J5  Determine  tfie  current  that  (he  MX)  turn-irmitne»Mng  mil  im  the  Irjt  limb  \funitd  tnrr\ 

m  'Itin  a  Dux  tti  1  mWb  k  pra^H  td  (n  At  riftu  Umk  Tak#  ;ir  =  60fl  ami  m^la  r  IfaUi^c 

1 1  Iti  l.  I  tthnoh*^  Allahuhad  I  lii>.  IW3« 

g*tlrthm  Since  path  C  and  D  are  in  parallel  with  each  other  w.r  l.  path  £  (Fig.  6.33),  the  mm  I 
across  the  two  is  the  same. 


1  \iA 


-  2x- 


i 

\1A 

*,  -  10/3  nfiWb 

*  -      +        16/3  mWb 

Toial  AT  required  for  the  whole  circuit  is  equal  to  the 
sum  of  Fig-  6  J8 

(/)  that  required  for  path  E  and  (70  that  required  tor  either  of  the  iwu  pathn  C  ot  D. 


— 25an  u  2xm  . 


■f 


Flux  density  in  path  E  = 


16xlQ'J 
3x4x10" 


40  i 
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ATreqd.  = 

Flux  density  in  path  D  = 
AT  roqcL  - 


40x0.25 


3M4ltx10~'K600 


-  4.420 


2x10 
4x10^ 


5  Wm; 


J  *0.25  =  I658 

4ltxl0  x600 

luial  A  J'  =  4.420  +  1.658  =  6,078  . 
Current  needed  -  6078/500  -  12.16  A 
Lxumple  0.22,  A  rinjj  of  cast  site!  lias  an  external  diameter  of  24  cm  and  a  square  rross-sectton 
of  J  im  stde.  Inxule  ami  cross  the  ring,  an  tinimury  steel  bar  iff  cm  x  )  cm  x  O.J  tin  is  fitted  nlth 
negltgiMe  gap.  Calculating  the  number  oj  ampere -turnx  required  to  be  applied  to  tint  half  of  the 
nng  la  produce  a  flux  density  of  1.0  weber  per  metre'  in  llw  other  half.  Neglect  leakge.  The  lS-11 
characteristics  are  as  below  . 


For  Cast  Steel 

B  in  Wb/m' 

u 

1.2 

Amp  turn/in 

ago 

1020 

1220 

For  Ordinary  Plate 

B  in  Wb/nC 

1.2 

K4 

!  4f> 

Amp-iurn/m 

:  m 

tfSO 

i  Elect.  Technology.  Indorc  Univ.  l<J8?i 
Solution-  The  magnetic  circuit  is  shown  in  Fig.  6-39. 

The  m.m.f  {or  AT)  produced  On  the  half  A  acts  across  the  parallel  magnetic  circuit  C  and  D. 
First,  total  AT  across  C  is  calculated  and  since  these  amp- 
uuns  an;  also  applied  across  £>,  the  Dux  density  B  in  D  cad 
be  estimated  Next,  flux  density  in  A  is  c akulaicd  and  there- 
fore, the  AT  required  for  this  flux  density.  In  fact,  the  loud 
AT  (or  m.m.f.)  required  is  the  sum  of  dial  required  for  A 
and  that  (if  either  tor  the  two  parallel  paths  Car  D 

Value  of  flux  density  in  C  =  1.0  WbW 
Mean  diameter  of  ihc  ring  -  <24  +  J8J/2  =  21  cm 
Mean  circumference  =  ji  x  2 1  =  66  cm 
Length  of  path  A  or  C  =  66/2  =  33  cm  =  0.33  m  j.^,  6_39 

Value  of  AT/nt  for  a  flux  density  of  1 .0 
WrVirT  as  seen  from  the  given  B.H  characteristics  =  900  AT/m 

Total  AT  for  path  C  =  90(1  x  0.33  =  297.  The  same  ATs.  are  apphed  across  path  0, 
Length  of  path  D  =  18  cm  =  0.18  m    A    AT/m  for  path  0  =  297/0  18=1 650 
Value  iif  B  corresponding  to  this  AT/m  from  given  table  is  =  1.45  Wh/m* 
Rux  through  C  =  fix^  =  I.0x9x  I0~*  =  9x  10~*  Wb 
Flux  through  £>  =  L45  x  (3  x  0.4  x  10  4)  =  1.74  x  10~*  Wb 
.-.    Total  Oux  thmugh  A  =  9  x  I0~*  +  1 .74  x  10^  =  10.74  x  10^  Wb. 

Flux  density  ihrough  A  =  10.74  x  10^/9  x  ID-*  »  1.193  Wb/m1 

No.  of  AT/m  rccd.  to  produce  this  flux  density  as  read  from  the  given  table  -  1200  tapprux  ) 

Amp-turns  required  for  limb  A  -  1200  x  0.33  =  3% 
Total  AT  required  m  396  +  297  =  693 

hxampk-  bJJ.  Show  Itow  the  ampere-turns  per  pole  required  to  produce  u  given  fliLt  in  dx 
grnerutnr  are  mtcutated 
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Find  the  amp-turn.*  per  pole  required  to  produce  a  flux  of  40  tttWh  per  pole  tn  a  nuichmt  with  a 
nrnwtii  core  armature  and  iuivmg  the  following  dimensions 

Length  ototr  gup  =  5  mm  Ana  itf  air-gap  ■  500  cm' 

Length  of  pole  -  )2  cm  Sertittntd  area  of  pole  core  =  12$  cm' 

Relative  fwrmeabiliry  of  pole  core  =-  1,500 

Length  of  magnetit  path  ox  yoke  hefwen  pole  =  65  cm 

Cmss-sectioaal  area  of  yoke  =  450  cm'  :  Relative  permeability  of  yoke  -  1,200 
Leakage  coefficient  =12 

The  ampere  turns  for  the  armature  core  may  he  neglected. 

SolulHin,  Air-gap  4»  =  40  mWb  =  4  x  I0_i  Wb  ;  A  =  500  x  KT*  =  5  x  I0"J  m1 

.♦.    B  =  *x  IO_I/5  x  I0"J  -  0,8  WMn: ;  H  -  BAi^  =  O.B/4*  x  10"1  =  &3j63  x  \ff*  eXlim 

Air-gap  length  -  5  x  10~3  m  ;  AT  read.  m  63.63  x  10*  x  5  x  Iff1  =  31*1.5 

Pole  Conr 

<U  =  1.2  X4  X  10" 2  =  4  8  x  I0~2  Wb  ;    A  ■  325  x  10"*  m2 
B  m  4.8  x  LO~'/325  x  10"^  =  1477  Wb/rrT 
H  m  a^Mf=  1477MHX  10"7  x  1.500  =  783  AT/m 
Pole  )ecg±  -  0.12     ;  AT  reqd  =783x0.12  =  94 

\  uk*  Path 

flux  b  half  ihe  pole  flux  =Oj5x4x  IO~2  =  2  x  to*3  Wb 
A  -  450cm2  -45  x  10-3  in1 ;  ff-  2  x  10_1/45  x  10"'  =  4/9  WWm: 

H  =   ^   294.5  AT/m  Yoke  length  =  0.65  m 

4rcx(0  xL200 

Aircqd      294.5  x  0.65,  Total  AT/pole  =  3181.5  +  94  +  191.4=3,467 
Knunnple  6.24.  A  shunt  field  coil  ts  required  to  develop  1.500  AT  with  an  applied  vidtage  of 
GO  V.   The  rectangular  ceil  is  having  a  mean  length  ot  turn  of  50  cm.   Calculate  the  wire  size. 
Rtxistivit\  uf  copper  may  W  assumed  to  be  pli-fwi  at  the  operating  temperature  of  the  coiL  Esti- 
mate also  the  number  of  turns  if  the  coil  is  to  he  worked  at  a  current  densitv  of  J  A/mm'. 

i  basis  Fleet.  Machines  Nagpur  Vol*.  I992> 

SotuUoiL  NI  m  1 .500  (given)  or  N  ^  =  N.^=lX0 

*  -  £ohm  A**-  p  l.2xi^50ff 

or  A  =  25  x  10""  cm"  or  A  =  0.25  ninT 


tiD2 


A 

0/25  of  D  =  mm 


4 

Currenr  in  Ok  coil  =  3  x  0.25  =  0.75  A 
Now.  NI  -  1,500;  .-.    fV  =  1 .500/0.75  =2,«K1 

F  Viimpk-  6.25.  .4  n  imden  nng  has  a  t  uluIot  4  ross-seclioit  ofJOO  sq.  mm  and  a  mean  diameter 
or  the  ring  is  200  mm.  It  is  uniformly  wound  with  tiOO  turns 
Call  ulair 

..'  umigrh  produced  in  the  coil  fry  a  current  a) '  2  amperes  -(ai-s-umr  =  1) 
tilt  the  magneto  flux  density  produced  fry  this  current  ami 
lin  t  the  current  n-i/uired  to  produce  a  flux  density  of  0-02  wbAn'. 

(Nagpur  Unm-rsit}  iSummrr  2(HHh| 


2o8  i.lti/ruui  Trttwofog} 

ShHiUuii,  The  question  iuisurnei  thai  the  llujt-paih  is  through  ihe  ringT  as  shown  by  die  dashed 
line,  in  figure,  at  the  mean  diameter,  in  Kg.  6.40. 


CbciMF  ring 
■.Mih  iiiTii'-s-senioii 

MM  TJia  ai       **>*i^_  ot  IIKlmm" 

Ihe  rinu  -  2Q(>  ram 

Fig.  MO 

With  a  current  ot"  2  amp. 

Cod  mmf.  =  WW  x  2  1600  AT 
Vlcan  length  of  path  =  I  x  (1.2 
=  0.628  m 

1/1  H  -  -548  amp-tums/meter 

00  B  =  u,,  |ir  //  =  4n  x  I0"7  x  I  x  254« 

=  3  20  x  in-1  Wh/trT 
Thts  Rim  density  is  produced  by  a  coil  current  of  2-amp 
if/Vt  for  pToOUtuiL;  a  llux  of  0.02  Wb/tn",  the  coil  eurreni  required  is 

2  X0?W32   =  123  ^ 
Kutmple  ft.26.  A  rw^nefri'  rrw  i/i  rfte  HuwJ  nmtlttr  rvii.v  f«n  »  rn«vin  fcnyrh  <'(  fO  <  m 

,uui  9  rrtiw  |>t  ffi—|j  Ri*W  nf  /  on'  fSf  WMtnv  jHtrmmhilfty  of  mm  f*  2J(Hi  Wthit  thn-rt-riuri-nt 
wtll  f><'  neiifcii  U\  rht  <  nr/  *>f  2(JW  mmt  tintlnrmh  *W$utd  \tmund  iht  nitfi  n>  ■  n^fr  <i  fln\  of  (i  .'fJ 
Mlflfe  i»  Htm  '  if  itH  uir-vti/t  of  I  mm  >.<•  <.M  Ihiouuft  ffo  ir«JY  {xrfn.'mlkuittr  M  the  (fow  of  rfWl 
flux,  w  hiti  citrmn  ■<  i/f  fwm  /v  ne%iicil  l<>  iiuimuitti  ihc.  same  flux  in  ihc  air  gup 

|!\uRpiir  I  iiivcrsilv  Ni*  W| 


>ulutitm. 


t    1              I  30x|0J 
Rc  ucLince  nf  core  =  — ■ —  -  =  l-  *  -p 

Mi,  Is-.  «     I0nx  |0"  *  2400  1x10^ 

„  .  ffr-"*  =995223  MKSmiiti 

4n  »  2400*  I 

df  -  D.2  x  10" '  Wh 

MMF  required  m  ifcxRel 

=  U.2  x  10"J  x  9°522,1  »  190  amptunrs 

Direct  currenl  required  through  the  2000  lum  coil 

?  =0.0995  .uiip 


2000 

Reluctance  of  I  mm  air  gap 


Utigtniism  nud  Llatrouiagitttiuu 


I 


I  X  I  fl  I  (Y 

=7%n8H  MKS  units 

4rt 


4ft  X  W  l*lO 

Addition  ii f  LWij  reluctances. 

=  995223  +  7961783  =  8957006  MKS  units 
MMF  required  10  establish  the  given  flux 


=  0,2x10 
Current  required  Lhrrmgh  the  coil 

_  [791 
2000 


8957006  =  179!  amp  turns 


0.8955  ainp 


Null-  :Due  n>  the  high  permeability  ul  iron.  whith  is  given  hen:  as  2400.  L  nun  ol  air-gup  length  i> 
equivalent  magnetically  to  24U<)  mm  of  length  through  the  core,  fot  comparison  tA  mint  retjiiircd. 

KjuimpU-  fi.27.  4n  mm-nnii  ttf  twmi  fawth  Ju  vm  u  iimuA'.  u/j  *j/  f  fju<c<<>  *j/  cashirw.  bit  • 
/>ir<t*  tat  /^e  uj/w  fcnyfii  hltl  thvn  rt.ipi'flivr  Aiuitn'ti.'rs  are  4.  J  aiui  2.5  Lift.  j4«  utr-^ctp  ttf  blHXfk 
&,  i  mm  t\tnl  in  tin  2.5  -  rcfc.  ftr.  (  N  a  ,  r>(7  ,>1H)00  turn*  k  wtwtui  on  tht'  rin#.  jhul  liw  vahf^ftiu 
current  inn  U>  ,;t»rv  i»  fintltur  a  flux  dettttftV  <rfftJ  WMn1  in  tin' air  gap  &*H  rurvv  firttu  *<t  ><>\h 
in  in  r>  u.\  f'titlrm  i  . 

H      iUVwi  ;         (JL/0  $20  UJo  0.40  ftjfl  f/f)f* 

//     rAHttol .  Ml)  MO  999  NOP        2000  28rW 

PtTHir<thittn  iii  frm  ifmtr  -  4     It  /fJ 

Sexhrt  I  ntkito'  -nn!  fnnnm/f  effei-tn.  |Nnf>pnr  tiHuivilt.         rular  1  W8| 

Nnluliim  Prom  the  data  given,  plot  the  B-H  curve  for  casi-ircm 
The  magnetic  circuit  has  four  parts  connected  in  series 
Curt  I.  Air-gap  0.5  mm  length.  B  -  0.5  wh/nr.  and 
fermeabiliiy  of  free  sapce  is  known 

//,  -  Bl^=  0.?  *  10'/(4n)  =  398 100 
AT  for  gup  =  (0.5  x  L0"*|  x  tf,  =  199 
I'un  2.  2.5  cm  diameter,  10  -  cm  long,  cast-iron  nng  portion  B  and  M  are  to  be  related  willi  die 
help  ol  given  data.  In  this,  nut  of  10  cms.  0.5  mm  air-gap  is  cut,  and  thi^  portion  of  ring  will  have 
cast-iron  length  of  9y.5  tnm. 


Fur 


B  =■  0.5  wb/in".  H.  =  2000  AT/m 
^7",  =  2000  x  9  95  x  10"J  =  199 


H  ■ — -HAT'mS 

Fin.  6.41 


um,. 
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Part  3.  3  -  cm  diameter,  10  -  cm  long,  cast-iron  ring-portion. 

Here  B  =  OJSG  x  (2.5/3)'  =  0347  Wb/m1 

For  this  J,  H  is  read  from  J?-W  curve. 

tf3=  1 183  AT/m 

AFJ=  1183x10  x  10"3-  1183 

Part  4.  4  cm.  Diameter,  10  cm  long,  east-iron  ring  portion, 
Here.  B  -  0.50  x  (2-5  x  4)3  x  0.19*5  WWm: 
From,  B-H  curve,  corresponding  H  is  661 
AT;  -  661  x  10  x  |0~3  =  66  AT 

Since  all  these  four  parts  in  series,  the  total  m.m.f,  required  is  obtained  by  adding  the  above  terms. 
AT  m  199  +  J99  +  118  +  66^582 
Coil  Current  -  582/1000  -  0.582  amp 
Additional  observations. 

(a)  The  2.5-cm  diameter  portion  of  the  ring  has  H  =  2000  for  B  -  0.5  Wb/m3.  From  this,  die 
relative  permeability  of  cast-iron  can  be  food  ouL 
^u,  =  0.5/2000.  giving  ur  ■  lW 

An  air-gap  of  0.5  mm  is  equivaleni  of  99.5  mm  of  cast-iron  length.  Hence,  the  two  nutvCs,  are 
equal  to  199  each. 

(i)  The  common  flux  for  this  circuit  is  obtained  front  flux-density  and  the  concerned  area. 
Hence  0  =  05  x  (ft/4)  x  (2.5  x  40"1)3  =  0,02453  x  ICT3 

=  0.2453  mWb 
Reluctance  of  total  magnetic  circuit 

=   mmf/ftux  =  582/(2.453  x  10"*) 

=  2372650  MKS  anits 

Example  (tJA.  A  steel-ring  oj  25  cm  mean  diameter  and  of  circular  section  J  cm  in  diameter 
has  a  air- gup  of  £3  mm  length.  It  u  wound  uniformly  with  7(X>  turns  of  wire  t  aming  a  current  of 
2  amp  Calculate  ;  (i)  Magneto  motive  force,  (ii)  Flux  density  1$)  Manetit:  flux  fifed  Retatiw  pcmic- 
ahffirv.  Neglect  magnetic  teakaifC  and  assume  thai  mm  path  takes  35  %  of  total  magneto  motive 
force.  INagpur  University,  April  1996] 

Su  union.  From  the  given  data,  length  of  mean  path  in  the  ring  (=  LJi  is  to  be  calculated.  For  a 
mean  diameter  of  25  cm.  with  I  -5  mm  of  air-gap  length. 

Lm  =  (K  x  0.25)  -  (1.5  x  10"1)  =  0.7835  m 

Cross-sectional  area  of  a  3  cm  diameter  ring  -  7.065  x  sqjn. 

Total  m.m.f.  due  to  coil  =  700  x  2  =  1 400  amp-turns 

Since  iron-path  takes  355  of  the  total  mmf,  it  is  490. 

Remaining  mmf  of  910  is  consumed  by  the  air-gap. 

Corresponding  ft  for  air-gap  -  910/(1.5  x  |0~a)  =  606666  amp-tums/m- 

tf  Flux  density  is  B^  we  have 

B    -  it.  H  -  4n  x  10"7  x  606666  =  0.762  Wb/m: 

Iron-ring  and  air-gap  arc  in  scries  hence  sheir  flux  is  same.  Since  the  two  have  some  cross- 
sectional  area,  the  flux  density  is  also  same.  The  ring  has  a  mean  length  of  0.7835  m  and  needs  an 
mmf  of  490.  For  the  ring. 

H  =  490/0  71445  =  625,4  amp-rums  /  m 
Ur  ^  BtH  =  0.752/625.4  *  1 .218  x  10'J 
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Ur  =  (1.218  x  10°)/ (4  xx  I0~7)  =  970 
Flux  -  Flux  density  k  Cross- sectional  area  =  0.762  x  7.065  x  10^  =  0.538  milli-wcbers 
Check,  fir  of  970  means  thai  JJ5  mm  of  air-gap  length  is  equivalent  to  (1.5  x  10~J  x  970}  = 
1 .455  tn  of  length  through  iron  as  a  medium.  With  this  equivalent, 
mmf  of  ring         _       Q.7S5      -  q  35 
mmf  for  (ring  +  air-gap)       0.785  + 1 .455 
which  means  that  35  %  of  total  mmf  is  required  for  the  ring 

Example  6.29.  ( a)  Determine  the  amp-lums  required  to  produce  a  flax  of  0.38  mWb  in  an  iron- 
ring  of  mean  diameter  58  cm  and  cross-sectional  area  of  i  so  cm  Use  tits  foNowmii  daw  for  the 
nns;  . 

8  lW  0.5  1.0  1.2  14 

p.  2500  2000  1500  1000 

ibt  if  a  saw-cut  of  fmm  width  ti  made  tn  the  ring.  caUulaie  the  /7u.<  dewirv  in  the  nn%.  mth  the 
mmf  remaining  .same  as  in  (at  abmre.  |Nagpur  L'niverMt).  Nov.  \t*tH>\ 

Solution  Plot  the  B-  pr  curve  as  in  Fig.  642 
(a)  Cross-sectional  area  =  3  sq,  cm  =  3  x  1 0~*  sq,  m 
Rux  =  38  mWb  =  0.38  x  KT5  Wb 

Rw  density,  B=  ilio/orea  =  (0.38  x  10_,V(3  x  10"*)  =  J .267  tfh/m2 


-250C 

•  2000 

1 

1 

'  1500 

1000 

■  soo 

0.0 


0i 


10  t_2 


B 


Fig.  6.42 

Looking  into  the  table  relating  H  and  u„  interpolation  is  required  for  evaluating  u,  for  B  =  I  267 
Wtn'm"  After  1 .2  Wh/m',  p.,.  decreases  by  500  for  a  nse  of  0.2  in  B.  Interpolation  results  into  : 


Mi 


1500-^^x500=1332 
0.20 


For  mean  diameter  of  path  in  the  ring  as  0 .58  m,  the  length  of  the  magnetic  path  in  the  ring  is 

im  =  px0.58=  L82I2  m 
Since  B  =  Po)irtf. 

H  =  1.367/(4*  x  10_1  x  1332)  *  757 
Hence,  the  required  mjn.f.  is 

757  x  J. 8212  =  1378  amp-turns 
<b)  If  a  saw -cut  of  I  mm  is  cut  in  the  ring,  B  is  to  be  calculated  with  a  m.m.f.  of  1378.  Now  die 
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magneiic  circuit  has  two  components  in  series  :  the  ring  with  its  B~n,  curve  in  Fig  6.42  ami  the  air- 
gap.  Sulci:  B  is  not  known.  jif  cannot  be  accurately  known  right  in  the  initial  steps.  The  procedure 
tn  solve  the  case  should  be  as  follows  : 

Lei  B  the  llu\  density  its  a  result  of  I37H  amp  turn:-,  due  lu  the  mil. 

For  uir-gap.  r/f  =        (47T  x  I  n  7 »  -  0.796  x  10*  AT/m 

AT.  »  H.xL-  U.7%  x  liy  xlK|l)"3xB  =  7%  B, 
Hit  I         ,  I 

Due  U)  the  air-gap.  the  fiux-densily  is  expected  to  he  between  (1.5  and  1  VVh/m".  because,  in  ta) 
above,  n,\(arB=  I  267  Wb/m")  is  1332.  One  mm  air-gap  is  equivalent  to  1332  mm  nf  path  added 
in  iron-medium.  This  proportional  increase  in  the  reluctance  of  the  magnetic  circuit  indicates  that 
flux  density  should  fall  to  a  vaiue  in  between  0.5  and  I  Wb/m". 

rur  I  mil-ring.  With  flux  density  expected  to  be  as  mentioned  above,  interpolation  formula  for 
li,  can  be  written  Ok  : 

Hr  =  2500  -  500  [{Bf  -  0.50)  /  0.50]  =  3000  -  1000  Bf 
//,  =  Bt  i  %  ur)  =  Bt  I  lp<,  0000  -  1000  Bfi\ 
TottJ  m.m.F.  =  ATf  +  ATi  -  137S,  as  previously  calculated 
LR2l2xB 

Hence,  1378  -  —  '  „    +796  Be 

m  (3000- 1000  0,  j  * 

Oils  is  a  quadratic  equation  in  B^  and  the  solution,  which  gives  ffff  in  between  0.5  &  1.0  Wh/m" 
is  acceptable 

This  itsulls  into  Bf  -  0.925  Wb/m5 

Corresponding  |ir  =  3000  -  1000  x  0.925  -  2075 

Euunplr  6JMI.   Vi  mm-nnn  of  main  duuwter  /V.  f  rm  (vn/i1  h«rf)H  "  cmn  ir'iHwrw/  o«-rt 
.i^.  in  h  rctfuirntl  Ui  fiinitae  a  flint  tif\).4*i  m\\h.  Fitui  fhr  coii-mmf required. 

tftt  ntn  -uit  I  twit  ntd?  t\  rtutik  tu  Jtir  lint;,  turn  many  intra  aniniunn  tire  required  t»  ntdiinrtnn 
lite  mime  fhu  1 

B  -  (i,  i  unr  m  M  follfWx 

ffrfW'MrTi  t'.-V  /.2  M 

Ht  2JHMI  :<Jfki  (600  I  tW 

INigpnr  University.  April 
Solution.  For  a  mean-diameter  of  1 9. 1  cm,  Length  of  mean  path.     =  n  x  0. 1 9 1  =  0-6  m 
Cross-Fictional  urea  - 4  sq.cm  -  4x  lO^1  m 
Flux,  <b  -  0.44  mWb  =  0.44  X  10^J  Wb 
Flux  density,  B  =  0.44  x  10_JV(4  x  10^)  =11  Wb/trf 
For  this  flux  density,  n,  -  1800,  by  simple  interpolation, 
H  -  Ja/ljiji^  =  LI  x  107(4*  x  1300)  =■  486.5  amp-mms/m, 
m.m.f  required  -H  *■  lm  =  486.5  X  0.60  =  292 
A  saw-cut  of  1  mm.  will  need  extra  mmf. 
HM  a  Bj\Lti  =  I  I  x  l07/f47t)  =  875796 
AT  =Hxl=  875796  X  1.0  x  I0~3  =  S76 
Thus,  additional  mmf  required  due  to  air-gap  -  876  amp-turns 

Luiniplr  6JI.  I  t^t' -turn  i  ,• }  n  utwntl  <wi  rtu  tenrral  limb  >'{  ti  <.u\t  t/tv/  f^twrtr  ,i\  <h<>*t)  in 
Fiv  t>.4S  tui  <i  ifA  nil  JimmutHit  tit  t  mt>  -i  hMti  flut  of  !A  mWh  h  rctfttin'tl  ttt  thr  ittr-^iiji  Ftndthr 
i  uf-.  rj  in  ihr  nttignriizing  rntl  4.»Tmnr  unjftirm  fJm  ilitfributitm  taut  no  leiigkugc.  Iktlu  ft'r  B-tl 
mm  i«r t  b.tt  .vfref  r.v  given.  INagpur  L!uivcrsit\.  No%emelwr  I M**T | 
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IXHI 


-Fc  ► 

1 


I  "lu.        ii>  t  Fiji.  ft.43lrl 

SiilifMnii-  0  =  J  .6  mWb  through  air-gap  and  central  limb 

$11  -  0.8  mWb  through  yokes 
Corresponding  flux  densities  are  : 

JSf  =  Br  =  1,6  mWb/(  16  X  JO-4)  =  1.0  Wb/m2 

-  0,8  m  Wb/(16  x  10^)  =0.50  WmJ 

MMF-Calculations  : 

(a)  For  Air  gap  :  For  Bf  of  1  Wb/m3.     m  1.0/p^ 

,4rr  =  tff  x  ra  =  I  l/(4n  x  )0~7)]  x  (0.1  x  10"1) 

-  796  amp  turns 

(b)  For  Centra]  limb  :     A7\  -  ffr  x  /f  -  900  x  0.24  =  216 

Forfl,.  =  1.00.  M,  from  data  =  900  AT/rn 
The  yokca  nn=  working  at  a  flux-density  of  0.50  Wh/m".  From  the  given  data  and  the  corre- 
sponding plot,  interpolation  can  be  done  for  accuracy. 

Ht  -  500  +  |(0.5  -  0.45WO.715  -  0.45)]  x  200 
m  SJOAT/m 


HA 
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F}  =  530x0.68  =  360 
Tofcd  mmf  leqiuicd  =  796  +  216  +  360  =  1372 
Hence,  coil-current  =  1 372/680  m  2.018  A 
Kxarnplc  6.32,  For  the  magnetic  circuit  shown  in  fig  fi.44  the  flux  in  the  right  hmb  is  0.24  mWb 
and  the  number  of  turns  wound  on  the  ventral-limb  is  1000.  Calculate  ti)  flux  in  the  central  limit  iii) 
the  current  required, 

The  magnetization  cun  e  for  ike  core  u  given  as  below  t 

HfAT/tn):  200        400        $1)0       600       BOf       Km  1400 

BiNb/m,);  OA         0,8        JO        l.t        1.2         1.3  1.4 

Neglect  leakage  and  frmgini-  I  Rajiv  Candhi  Technical  I  'niversity.  B  nopal.  Summer  2.00 1  j 


tore  dikkitAi  =  3cra 

1  ig.  6.44 

SululkiiL  Area  of  cross-section  in  Ride-limbs  =  2x3  =  6  sq.cm 
Area  of  crus^sccuonin  core  =  3x4=  12  sq.cm 
Rux  in  side  Limbs  =  0.24  mWb 

Flux  density  in  side  Limbs  =  (0,24  x  10~V(6  x  10~^)  =  0.4  WbW 

Since  the  coil  is  wound  on  the  central  limb  and  the  magnetic  circuit  is  symmetrical,  Ihe  flux  in 
the  central  Limb  -  0.48  mWb.  Flux  density  in  the  central  lift*  -  (0.48  x  10_3yO2  X  10"^)  =  0.4  Wb/m" 
For  the  fins  densityof  0.40  Wb/m1,  H  =  200  ATM 
Ccnirdl  Limb  has  a  path  Lengthof  1 5  cm. 
Other  part  carrying  0.24  mWb  has  a  total  path  length  of  35  cm- 
Total  mmf  required  =  (200  x  0. 15)  +  (200  x  035)  =  100  AT 
Hence,  coil  current  =  100/1000  -  U.l  Amp, 

Lxample  6_33.  A  ring  composed  of  three  sections  The  cross-sectioiuil  urea  is  0.001  m'  for 
emh  section.  The  mean  arc  length  are  L  -  0.3  m,  lh  -  0.2  m,  /  =0.1  m  An  air-gap  length  ofO.  I  mm 
j  |  CUt  m  the  ring.  Mr  for  sections  a,  b,  c  are  5000. 1000,  ami  10,000  respectively.  Flux  in  the  air  gap 
is  7.5  x  iff4  Wb.  Find  (i)  mmf  f  h)  exciting  current  if  the  coil  has  I  Of)  turns.  ( Hi!  reluctance*  of  the 
sections.  [Na^pm-  University  AprU  \999\ 

Solution.  Area  =  0.001  sq.m 


f„  =  03  m,  lb  =  0.2  rru  le  =  01  m.  10" 


\tagnfti\m  and  F.h<ctromu)>nrlism  275 

ura  =  5000,       =  1000,  \iK  -  10,000  (*„  =  4*  X  10"7 
4  =  7.5  x  Wb 
(tit)  Calculations  of  Reluctances  of  Four  parts  of  the  magnetic  circuit : 

(a)  Reluctance  of  air  gap.  R  =  -Lx  0,1         «  -   1000     =  79618 
w     "     U„      0.00 1  41X0,001 

(fr)  Reluctance  of  section  V  of  ring 

-  -    -      1    «g|L,  [°7xQJ  =  47770 


"J*™    0*W>1  4)1x47770x5000x0.001 
(c)  Reluctance  of  Benetton  "fr"  of  the  ring 

■  ft  I       0J2Q  .     I0T     ..  0.LO 

"    **  ~  M^rf,    0-001  "  4k  xiOOO    0001  =  13923,6 
(tf)  Reluctance  of  section  c'  of  the  ring 

*  1    v  0.10  _     I0T     ..  0.10  ^w, 

=   *  =  0001  ~  4nxiO0O    0,001  *  ^l 

Total  Reluctant*  -       +  /f„  +  Rrf  +      -  294585 
(0         Tola!  mmf  required  =  Flux  x  Reluctance 

=  7 S  x  10"1  x  294585  -  221  amp-turns 
00  Current  required  «  221/100  -  2,2]  amp 

Tutorial  Problems  No.  62 

1 .  All  iron  sped  men  in  the  form  of  i  closed  ring  has  a  350- turn  magnetizing  winding  through  which  is 
passed  a  current  of  4A-  The  mean  length  of  the  magnetic  pith  is  75  cm  and  its  crow-sectional  ana  is 
1.5  em2.  Wound  closely  over  the  specimen  it  a  secondary  winding  of  50  turns  This  is  connected  to 
i  ballistic  gl.tvanoinetcT  us  series  with  [lie  secondary  coil  of  9-mH  mutual  inductance  and  a  limiting 
resistor.  When  ihe  magnetising  cuntnf  is  Suddenly  reversed,  the  galvanometer  deflection  is  equal  to 
thai  produced  by  (he  reversal  of  a  cumrnt  of  1.2  A  in  the  primary  coil  of  the  mutual  inductance 
Calculate  the  B  and  H  values  for  the  iron  under  these  conditions,  deriving  any  formula  used. 

1 1.44  ttbftn'  ;  1865  AT/mf  I  London  Unh.l 

2.  A  moving -coil  ballistic  galvanometer  of  1 50  11  gives  a  throw  of  75  divisions  when  the  Qui  through  a 
search  coil,  m  which  it  is  connected,  is  reversed. 

Find  the  flux  density  in  which  ilie  reversal  of  the  coil  uJtes  place,  given  that  (he  galvanometer  con- 
stant is  I  H)  u.C  per  scale  division  and  the  search  coil  has  1400  turns,  ■  mean  ore  of  50  cm'  and  a 
resistance  of  20  Q.      1 0. 1  VYb/m']  (Elect.  Metis  &  Mctisu nnR  hsL  Gujarat  Unive.  Oct  197°( 

3.  A  fluxmeter  is  connected  to  a  search  ctn\  having  500  turns  and  mean  area  of  5  cm1  The  search  coil  is 
placed  at  the  centre  of  a  lulenotd  one  metre  long  wowid  with  800  turns.  Wheat  >  current  of  5  A  is 
reversed,  there  is  a  deflection  of  25  scale  divisions  On  the  flujunclcr  Calculate  the  flut-mclcr  con- 
stant.     1 10"4  WJMnrn/dikisionl  iF.lcrt.  Means.  A  M  insuring  Inst.,  MJ».  Lniv  Baroda, 

4.  An  iron  ring  of  mean  length  50  cms  has  an  air  gap  of  I  mm  and  a  winding  of  200  turns.  If  the 
permeability  of  iron  is  300  when  a  current  of  I  A  flows  through  the  coiL  find  the  flux  density 

I'VU  m\VbW|  [EkcL  Engz-  A.MAcSJ.  June 

5.  An  iron  ring  of  mean  length  [00  cm  with  an  air  gap  of  2  mm  has  a  winding  of  500  turns.  The  relative 
permeability  of  iron  is  600  When  a  current  of  3  A  flows  in  die  winding,  determine  the  fliu  density. 
Neglect  fringing.  |t)3iJ  WWml|  <EleeL  Ebrr.  &  Ekctnmlc  Bangalore  Vnh.  VMt 

h.  A  coil  is  wound  uniformly  with  300  turns  over  a  steel  ring  of  relative  permeability  900,  having  a  mean 
circumfeiBDce  of  40  mm  and  cmss-secuonal  area  of  50  mm3   If  a  current  of  25  amps  is  passed. 


l-'At-emtal  !  ttfimotugy 


through  the  coiL  find  u  p  m-tti-f  [ui  rclutancc  of  ihc  nng  and  riiO  fluv 

[IM  75t«i  AT  >irl  U.7  x  10*  \V/\\\y  urn  IU.7  niUb|  lEkil.  Lnttf!.  &  fclcciionio  Hmrpiiorc  I  iiri 

7.  A  specimen  ring  of  Huns  former  stamping^  ha*  a  mean  L'Lrajmfercncc  of  40  cm  and  is  wound  with  u 
coit  or  1 .000  turns.  When  the  currents  through  the  coil  arc  0.25  A.  I  A  and  4  A  the  flux  densities  ui 
the  stampings  arc  1.08,  1.3S  and  1  04  Wh/m"  respectively.  Cakualtc  the  relative  permeability  for 
each  current  and  explain  the  differences  in  the  values  obtained  1 1  -^F.-I.M.  1 .1 1 1 

H-  A  magnetic  circuit  consists  of  an  iron  ring  of  mean  circumference  80  cm  with  cross-sectional  area  1 2 
cm"  ihraughouL  A  currem  of  2 A  in  ihe  magnetising  coil  of  200  luems  produces  a  lota)  flun  of  1 .2 
mWb  in  the  iriin  Calculate  ; 

in)  the  litis  density  in  the  iron  (b)  the  absolute  and  relative  permeabilities  of  iron 

(rl   the  reluctance  of  the  cinul  |l  WW«r  .  MM  I :  .\J\J  x  l\t'  \Tf\\  li| 

■J   A  &nl  of  500  turns  and  resistance  20 11  is  wound  uniform!  v  on  an  iron  nng  ui  mean  circumiercnce  51  I 
cm  and  cniNi-heciionsJ  area  4  cm3.  Il  is  connected  tn  a  24- V  d.c.  suppW   Under  ihrsc  conditions.  Ihc 
lelulive  pcrmeabiliiy  of  iron  is  800.  Calcuallc  the  values  of 
lu)  the  magnetomotive  imce  of  the  coil       \,b)  ihc  magnetising  force 
I  r  j    the  total  flux  in  die  inm  n/i   the  reluctance  ol  ihc  ring 

| iu i  wit  \  1  ib\  UiNI  \  Um  in  tl.4ti.t  m\\U  <tl)  1.24  x  II*"  \  I  'V>  b| 

to  A  series  magnetic  circuit  has  on  inn  path  of  length  50  cm  and  an  air-gap  of  lenath  1  mm.  The  cross- 
sectional  area  ui  ihe  iron  is  n  cm'  and  0k  exciting  coil  has  4*10  turns  Determine  Ihc  current  required 
to  produce  a  11  un  of  0,9  mWb  in  the  circuit.  The  fallowing  points  arc  taken  from  the  magnetisation 
characteristic 

Flux  density  (Wb/mJ>  :  12  1.35  1.43  I.S5 

Magnctiimg  force  (AT/m)  :  500  1 .000        2.(MXI         4,500  |4tf  AJ 

11-  An  in'n-nng  of  mean  length  30  cm  is  nude  of  three  piece*  of  out  iron,  eacli  lias  the  same  length  bul 
then  respective  diameters  are  4 .  3  and  2  5  cm.  An  air-gap  of  length  0_5  mm  is  cut  in  the  JL5  cm  piece 
If  a  coil  of  L000  turns  is  wound  on  the  nng.  find  the  value  of  the  current  it  has  to  carry  io  produce  a 
flux  density  of  0.5  Wb/m"  in  the  air  gap.  B/H  characteristic  of  cast-iron  may  be  drawn  from  the 
following  ■ 

8  (Wb/m2]  :        0.1  0.2  O.J  0.4  0.3  0.6 

lATAn,  :  280  620  WO  1.400        2.000        2.8000  A| 

Permeabililv  of  Ircc  space  ■  4 it  *  10  W ui   Neglect  leakage  and  fringing. 

!  -  The  Icof.ih  of  ihe  magnetic  circuit  of  a  relay  is  25  cm  and  the  cross- sectional  area  is  6.25  cm".  The 
length  of  the  air-gap  in  the  operated  position  a)  the  relay  u  0.2  mm  Calculate  the  rnnanctumoiive 
futee  required  to  produce  a  flu*  of  1.25  mWb  in  the  air  gap.  The  relative  permeability  i>1  mngnrfk 
mmcrial  at  this  flu*  density  is  200.  Calculate  also  the  reluctance  of  the  magnetic  circuit  when  the 
iela>  is  m  ihe  unopcrdlfli  position,  the  air-gap  then  being  8  nun  long  lassumc  u,.  remains  constant  i 
(13*17  AT.  MHx  10*  ATMUI  ' 

I  J-  For  ihc  magnetic  circuit 
show  n  in  Fig.  6.45.  all  dimett- 
uurvi  arc  mem  and  nil  ihc  air- 
gaps  arc  0.5  nun  wide.  Net 
thickness  of  ihc  core  is  3.75 
cm  throughout.  The  turns  are 
arranged  on  the  centre  limn 
b>  shown 


Calkuuiie  the  m.m.E.  required 
to  produce  a  flti.i  nf  1.7  mWb 
In  the  centre  limh    Neglect  lr>«-  '■•45 

ihe  l/akuge  and  fringing  The 
KL^neus Ation  data  for  the  material  is  v.  follows 


Fiji.  UMi 


nctism  and  Elcctninmxnt'.tism 


in 


u. 


IS. 


tf(ATVra);         400'  440  500  COO  »<X1 

fllWh/irTr        n  R  0.9  J.O  l.l  1*2  1 1. US  J  ATI 

In  the  magnetic  circuit  shown  in  He.  (t.46  a  coil  of  500  turns  is  wfwnd  on  lhe  centre  litub.  The 
magnede  paths  A  to  B  by  way  of  the  outer  limbs  have  a  mean  length  of  SOO  cm  each  atid  an  effective 
cross-sectional  urea  of  2.5  cm  .  The  centre  limb  is  25  cm  long  and  5cm*  cross-secttona!  area.  The  air- 
gap  is  0.8  em  long.  A  current  of  Q-2  A  through  the  coil  is  found  to  produce  a  flux  of  0.3  m  Wb. 
The  magnclic  eirvuil  of  a  ihoke  is  shown  in  Fig.  6  47.  It  is  designed  so  that  the  flu*  in  the  central  tore 
is  0.003  Wb.  The  cross-section  is  squurc  and  tt  coil  of  500  lums  is  wound  on  the  central  core  Calcu- 
late the  exciting  current  Neglect  leakage  and  assume  the  n.ux  to  he  uniformly  distributed  along  the 
mean  path  shown  doited.  Dimensions  are  in  cm. 
The  LhnriiLiiirisiiL'c  ,  il  Hiugr.eLic  circuit  are  as  given  below  - 

iWh/m1) :  Qti|  0.67         1.07  1.2  1.26 

tflAT/m):  100  200  600  1000  1400 

iLlect.  I n  linolnii>  I.  r.wallor  tiniv.  Nov.  |V7rn 
A  68*0-1  urn  coil  is  wound  on  the  cenu'al  limb  of  the  cast  steel  sheet  frame  as  shown  in  Fig-  6,48  where 
dimensions  are  in  cut.  A  total  Oux  of  1  ,6  raWb  is  required  to  be  in  the  gap.  Find  the  current  required 
in  the  magnetising  coil  Assume  gap  density  is  uniform  and  all  lines  pass  straight  aeros*  the  gap 
Following  dam  is  given  - 

H  (AT/m) :  M«\  500  /on  W0  1100 


8  iWbWj 


17 


o.: 


tt  i~. 


0775  1.0  1.13 

fEktU  TirltlHiloii)  J  llldim:  t'niv.  J;m.  ITF 
In  ihe  magnetic  circuit  of  Fig.  6.49,  the  core  is  composed  ol  annealed  sheet  Meel  for  which  a  stacking 
factor  or"0*>  should  he  assumed  The  core  ii  5  cm  thick.  When  =  0.1X12  Wb.  <J>fl  =  0.0008  Wh  and 
tpr  =  0.0012  Wh  How  many  am|>ei'es  much  each  coil  carry  and  in  what  direction  ?  Use  of  the 
following  magnetisation  curves  can  be  made  for  solving  the  problem 
B  'Wh/m2> .       0.2  04  0  b        0.8  1,0         1.4         1.6  1.8 

W(AT/mV        50  100         130       200        320       1200      3300  10,000 

I  Meet,  feehnolotr*.  Vllimm  l.lrrlv. 
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IS.  A  magnetic  circuit  with  a  uniform  cms*- sectional  area  of  6  cm2  consists  of  a  steel  ring  with  a  mean 
magnetic  length  of  KO  cm  and  an  air  gap  of  2  mm.  The  magnetising  winding  has  540  ampere -turn? 
Estimate  the  magnetic  flux  produced  in  the  gap.  The  relevant  points  on  the  magnetization  curve  of 
cast  steel  ate : 

Bfmha1):  0.12  0.14        0.16       0.18  0.20 

H  (AT/ai) :  200  230         260        290  V.O 

I  >K  m  Wh|  «  il>  &  liuiLK.  I  ^inilim) 


t  fflJECTIVE  TESTS 


I .   Relative  permeability  of  vaccum  is 


I  Wm 

1/4  JT 


ampere-rum 
Coulomb 


(a)  4n  x  10    Win  ybi 
i.c\   1  id) 
Unit  of  magnetic  flux  is 
(a)  weber  ib) 
(c)  lesla  id) 
The  magnetising  force  iff)  and  magnetic  flux 
density  (B)  are  connected  by  the  teJatino. 
(a)  fi  (A)   B  -  Hlyi#r 

{c)   B  =  iy//^  (d)    B  =  Mfr^Mtr 

The  forte  experience  by  *  current -currying 
ctHkiuctor  lying  purallrt  to  a  magnetic  field  is 
{*)  fl//  (b)  M*in6 

(e)  //ii  aero 
Point  out  the  WRONG  statement. 
The  magnetising  force  at  the  centre  of  a  cir- 
cular coil  varies. 

(a)  directly  a*  the  number  i>r  its  turns 
directly  as  ihe  current 
directly  as  its  radius 
inversely  as  its  radius 
Bod)  the  number  of  turns  of  its  toil  and  Ihe 
length  of  a  short  solenoid  are  dituhlesi  Its 
acini  magnetising  field  would  be 
(a)  doubled  ib)  halved 

if?   unaffected  (d)  quadrupled 

Current  carried  by  each  of  Ihe  two  long  par- 
allel conductors  is  doubled.  If  their  separa- 
tion is  also  doubled,  force  between  them 


m 

tc) 


Ml 


tl, 


12, 


-  fj 
would 

(a)  remain  the  same 
i.'.'/  increase  two-fold 
lb)  increase  four- fold 
id)  become  half 

The  unit  of  magneto-motive  force  is 
(«)   weber  (b)  ampere/metre 

ic)  henry  id)  ampcre-tum/weber 

Permeability  in  a  magnetic  circuit  corre- 
sponds to — in  an  electric  circuit 
(a)  conductivity  (hi  resistivity 
(c)  conductance  id)  resistance 
Point  out  the  WRONG  statement. 
Magnetic  leakage  is  undetsirable  in  dee  In  c 
machines  because  it 
(a)  leads  to  theii  increased  weight 

ib)  increases  their  cost  of  manufacture 
(c)   produces  fringing 

(di   lowers  their  power  efficiency. 
Permeability  in  a  magnetic  circuit  corre- 
sponds to — in  an  electric  circuit 
{a)  reluctivity     ib)  resistivity 
ii)   conductivity   id)  conductance 
Susceptibility  of  a  magnetic  material  depends 
on 

iq)   intensity  of  magnetisation 
(6)  magnetising  force 

ic)  mass  of  the  material 

id)  both  in)  and  ib) 


PTJ       3    II      P  "01 
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7  ELECTROMAGNETIC  INDUCTION 


7.1.  Relation  Between  Magnetism  and  Electricity 

J  l  is  well  known  thai  whenever  an  electric  current  flows  through  a  conductor,  a  magnetic  field  is 
immediately  brought  info  existence  in  the  space  surrounding  the  conductor  It  can  be  said  that  when 
electrons  are  in  motion,  they  produce  a  magnetic  field*  The  converse  of  this  is  also  true  i.e.  when  a 
magnetic  field  embracing  a  conductor  moves  relative  to  the  conductor,  it  produces  a  flow  of  elec- 
trons in  the  conductor.  This  phenomenon  whereby  an  e.m.f.  and  hence  current  {i.e.  flow  of  elec- 
trons) is  induced  in  any  conductor  which  is  cut  across  or  is  cut  by  a  magnetic  flux  is  known  as 
electromagnetic  induction.  The  historical  background  of  this  phenomenon  is  this  : 

After  the  discovery  (by  Oersted)  that  electric  current  produces  a  magnetic  field,  scientists  began 
to  search  for  die  converse  phenomenon  from  about  1 821  onwards.  The  problem  they  put  to  them- 
selves was  how  to  convert'  magnetism  in  so  electricity.  It  is  recorded  that  Michael  Faraday*  was,  io 
the  habit  of  walking  about  with  magnets  in  his  pockets  so  as  to  constandy  remind  him  of  the  prob- 
lem. After  nine  years  of  continuous  research  and  experimentation,  he  succeeded  in  producing  elec- 
tricity by  'converting  magnetism'.  In  1831,  he  formulated  basic  laws  underlying  the  phenomenon  of 
electromagnetic  induction  (known  after  his  name),  upon  which  is  based  the  operation  of  most  of  the 
commercial  iippiiraius  like  motors,  generators  and  transformers  etc. 

7.2,  Production  of  Induced  E.M.F.  and  Current 

In  Fig.  7,  J  is  shown  an  insulated  coil  whose  terminals  are  connected  to  a  sensitive  galvanometer 
G.  It  is  placed  close  to  a  stationary  bar  magnet  initially  at  position  AB  (shown  dotted).  As  seen, 
some  flux  from  the  JV-pole  of  the  magnet  is  linked  with  or  threads  through  the  coil  but,  as  yet,  mere  is  no 
deflection  or  the  galvanometer.  Now,  suppose  (hat  the  magnet  is  suddenly  brought  closer  to  the  coil  in 
position  CD  (see  figure).  Then,  it  is  found  lhal  there  is  a  jqrk  or  a  sudden  bul  a  momentary  deflection 


Fig.  7.1.  Fig.  7.2. 

in  Lie  galvanometer  and  that  this  lasts  so  ions  as  the  magnet  is  in  motion  relative  to  the  coil,  not 
otherwise.  The  deflection  is  reduced  to  zero  wlien  the  magnet  becomes  again  stationary  at  its  new 
position  CD.  It  should  be  noted  that  due  to  the  approach  of  the  magnet,  flux  linked  with  the  coil  is 
increased 

Next,  the  magnet  is  suddenly  withdrawn  away  from  the  coi)  as  in  Fig.  12.  It  is  found  that  again 
there  is  a  momentary  deflection  in  the  galvanometer  and  it  persists  so  lung  as  the  magnet  is  in 
motion,  not  when  it  becomes  stationary.  It  is  important  to  note  that  this  deflection  is  in  a  direction 

*     Miihacl  Faraday  ( 1791-1867),  *n  English  physicist  and  chenu&L 


Electrical  Technuhtgy 


apposite  to  that  of  Fig.  7.1.  Obviously,  due  to  the  withdrawal  of  the  magnet,  flux  linked  with  the  coil 
is  decreased 

The  deflection  of  the  galvanometer  indicate,  the  production  of  e.m.f.  In  the  coil.  The  Wily  cause 
of  the  production  can  he  the  sudden  approach  or  withdrawal  uf  the  magnet  from  the  coil.  It  is  found 
thai  the  actual  cause  of  this  em.f.  is  the  change  of  flux  linking  with  the  ccaj.  This  e.rmf.  exists  so 
long  as  the  change  in  flux  exists ,  Stationary  flux,  however  strong,  will  never  induce  any  e.m.f,  in  a 
stationary  conductor.  In  fact,  iht  same  results  can  he  obtained  by  keeping  the  bar  magnet  stationary 
and  moving  the  coil  suddenly  away  or  towards  the  magnet. 

Ihe  direction  of  this  electrontagnetical I y-induced  e.m.f.  is  as  shown  in  the  two  figures  given  above. 
The  prsxiuction  ot  this  etecuomagrietk'ally-induced  e.m.f,  is  further  illustrated  by  considering  a 
conductor  AB  lying  within  a  magnetic  field  and  connected  to  a  galvanometer  as  shown  in  Fig,  7.3,  It 
is  found  that  whenever  this  conductor  is  moved  up 
Of  down,  a  momentary  deflection  is  produced  in 
the  galvanometer-  It  means  thai  some  transient 
e.m.f.  is  induced  in  AH,  The  magnitude  of  this  in- 
duced e.m.f.  (and  hence  the  amount  of  deflection 
in  the  galvanometer)  depends  cm  the  quickness  of 
the  movement  of  AH. 

From  this  experiment  we  conclude  that  when- 
ever a  conductor  cuts  or  shears  the  magnetic  flux, 
an  e.m.f,  is  always  induced  in  it 

lr  is  also  found  that  if  the  conductor  is  moved 
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parallel  lo  the  direction  of  the  flux  so  thai  it  does  not  cut  it,  then  no  e.m.f.  is  induced  in  it 


7.3.    Faraday 's  Laws  of  FleLirrimagnelk'  Induction 

Faraday  summed  up  the  above  facts  into  two  laws  known  as  Faraday's  Laws  of  Electromagnetic 
Induction. 

First  Lum.  It  states  : 

Whenever  the  magnetic  flux  Linked  with  a  circuit  changes,  an  e.m.f.  is  always  induced  in  it. 

or 

Whenever  a  conductor  cuts  magnetic  flux,  an  e.m.f.  is  induced  in  that  conductor. 
Second  I  :n\    It  states  : 

The  magnitude  of  the  induced  e.mf.  is  equal  to  the  rate  of  change  of  flux -linkages. 

Fxpln nation.  Suppose  a  coil  has  A'  turns  and  flux  through  it  changes  from  an  initial  value  of  d>, 
weber:-  liie  final  value  ol  <P,  webers  in  time  ,'  seconds.  Tlieu.  remembering  that  by  nuxiMinkitats 
is  meant  the  product  of  number  of  turns  by  the  flux  linked  with  the  coil,  we  have 

Initial  flux  linkages  =  AKbr  Final  flux  linkages  -  Mfr, 

jV<l>,  -  jV<t>,  ! 

induced  e.m-f.  e  —  *  L  Wb/s  or  volt  ute  =  N — *  <~  volt 

t  t 

Putting  the  above  expression  in  the  its  differentia  J  form,  we  get 

e  =  —  (N      =  jV  —  volt 
dt  dt 

Usually,  a  minus  sign  is  given  to  the  right-hand  ■side  expression  to  signify  the  tact  that  the 
induced  e.m.f,  sets  up  current  in  such  a  direction  that  magnetic  effect  produced  by  it  opposes  the 
very  cause  producing  it  (Art  7.5). 

u  i  * 
e  =  -  N  — r-  volt 

dt 

Example  7.1,  The  fit-Id  ends  ofu  d-pnic  </.<%  xeneralftr  each  luivinx  500  sums,  are  cimnected  in 
series.  When  the  field  is  excited,  there  is  a  magnetic  flux  nf  0,02  Wh/pide.  If  the  field  circuit  is 
opened  in  t>02  \ecnml  and  residuul  magnetism  is  0.0(12  Wh/pote  ttditdate  the  average  wfta&t 
which  U  induced  ui'mss  the  field  tenmiuds.  In  whii:h  directum  (  v  tlsi.i  voltage  directed  relative  ta  the 
dim  lion  at  the  cm  rem 
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SuJmi       Total  number  of  Lums,     N  =  tj  x  500  =  3000 

Total  initial  flux  =  6  x  0112  =  0, 12  =  0. 1 2  Wb 

Total  residual  flux  =  6  X  0.002  =  0.01 2  Wb 

Change  in  flux,  dO  =  111 2  -  0.01 2  -  0.108  Wb 

Time  of  opening  the  circuit,  dt  -  0.02  second 


Induced  ejaJ. 


s  tf^?  volt  -  3000 x  %4P  -  16.2  W)  V 


di  0.02 

Ttie  direction  of  this  induced  cm/,  is  the  same  as  the  initial  direction  of  the  exciting  current. 

Example  7JL,  4  i«/  wf  resistance  100  il  is  placed  in  a  magnetic  field  of  1  mWb.  The  toil  has 
IQt)  (urns  unit  a  galvanometer  of 400  Q  resistance  is  connected  in  imti  with  it.  Find  the  averagi 
e.m.f  mid  ilu  ,  urn-lit  if  the  toil  is  moved  in  I /10th  second  front  thigh-en  field  to  u  field  of  0.2  mAtb 


Solution 
Here 


Induced  e.m.f.  =  rV , 


dt 


vol  I 


t/4> 
dt 

e 

Total  circuit  resistance 


Wb 


J  -  0,2  =  0.8  mWb  =  0,8  x  10" 
1/10  =  0.1  second  ;N  =  100 
100  x  0.8  x  10^/0-1  =  0.8  V 
100  +  400  =  500  Q 
Current  induced  -  O.K/500  =  1.6  x  10~J  A  =  1.6  mA 
Example  73,  Tin  time  variation  of  the  fhi\  linked  with  a  coil  of  500  turti\  during  a  .  imtplete 
cycle  is  ax  follows  : 

<Jj  =  0,04  (1-4  t/T)  Weber  0  <  t  <  T/2 

<J>  -  0.04  <4l/l  -  Jl  Wehcr  T/2  <  t  <  I 

where  T  represents  time  penrxl  <md  equals  0.04  second.  Sketch  the  waveforms  of  the  the*  itnd 
induced  e.mf.  uiui  tdso  determine  the  maximum  value  of  the  induced  e.m.f. 


2000  V 


t  ig.  7.4. 

Solution,  The  variation  of  flus  is  linear  as  seen  from  the  following  table. 
1  (second):  0  7Y4  T/2  37/4  T 

F  (Weber) :  0.04  0  -0.04  0  0.04 

The  induced  e.m.f.  is  given  by  e  =  -  Nd<&ldt 

From      0  to  r  =  7/2,  tKDfdt  =  -  0.04  x  4/7=  -4  Wb/s  A  <?  =  -500  (-4)  =  2000  V 
From  t  =  V2  to  t=TdMdt  =  0.04x4/7  =  4  Wb/s  .-.  e  =  -500  x  4  =  - 2000  V. 
The  waveforms  arc  selected  in  Fig.  7.4. 

7.4.    Direction  of  induced  e.m.f.  unci  currents 

There  en  jsts  a  definite  relation  between  the  direction  of  the  induced  current,  the  direction  of  the 
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flux  and  the  direction  of  motion  or  the  conductor.  The  direction  of  the  induced  current  may  be  found 
easily  by  applying  either  Fleming's  Right-hand  Rule  or  Flat-hand  rule  or  Lenz's  Law.  Fleming's 
rule  (Fig.  7.5)  is  used  where  induced  e.m.f.  is  due  to  flux-cutting  (i.e..  dynamically  induced  c.m_f.) 
and  Lena's  when  is  is  used  to  change  hy  flux -linkage:-  {i.e.,  statically  induced  e.m.f.  i 

C 

O 


Fig,  7.5.  Fig.  7.6. 


Fig.  7.6  shows  another  way  of  finding,  the  direction  of  the  induced  e.ra.f.  It  is  known  as  Right 
Flat-hand  rule.  Here,  the  front  side  of  the  hand  is  held  perpendicular  to  the  incident  (lux  with  the 
thumb  pointing  in  the  direction  of  the  motion  of  the  conductor.  The  direction  of  the  fingers  give  the 
direction  of  the  induced  emf.  and  current. 

7.5.    Lena's  Law 

The  direction  of  the  induced  current  may  also  be  found  by  this  law  which  was  formulated  by 
Lenz*  in  1835.  This  law  states,  in  effect,  that  electromagnetically  induced  current  always  flows  in 
such  direction  that  the  action  of  the  magnetic  Held  set  up  by  it  lends  to  oppose  the  very  cause  which 
pnMluces  iL 

This  statement  will  be  clarified  with  reference  to  Fig.  7.1  and  7.2.  It  is  found  that  when  N-pole 
of  the  bar  magnet  approaches  the  coil,  the  induced  current  set  up  by  induced  e.m.L  Hows  in  the  uriit- 
chckwise  direction  in  the  coif  as  seen  from  the  magnet  side.  The  resuli  Ls  that  face  of  the  coil 
becomes  a  N-pole  and  so  tends  to  oppose  the  onward  approach  of  the  Af-Pole  of  the  magnet  (like 
poles  repel  each  other).  The  mechanical  energy  spent  in  overcoming  this  repulsive  force  is  con- 
verted into  electrical  energy  which  appears  in  ihe  coil. 

When  the  magnet  is  withdrawn  as  in  Fig.  7.2,  the  induced  current  flows  in  the  clockwise  direc- 
tion thus  making  the  face  of  the  coil  (facing  the  magnet)  a  5-pole.  Therefore,  the  iV-pole  of  Ihe 
magnet  has  to  withdrawn  against  this  attractive  force  of  the  \-pote-  of  coil,  Again,  the  mechanical 
energy  required  lo  overcome  this  force  of  attraction  is  converted  into  electric  energy. 

It  can  be  shown  that  Lenz's  law  is  a  direct  consequence  of  Law  of  Conservation  of  Energy 
Imagine  for  a  moment  lhal  when  TV-pole  of  the  magnet  (Fig.  7.1 1  approaches  the  coil,  induced  eur- 
rent  flows  in  such  a  direction  as  to  make  ihe  coil  face  a  S-prile,  "Then,  due  lo  inherem  attraction 
between  unlike  poles,  the  magnet  would  be  automatically  pulled  towards  the  coil  without  the  expen- 
diture of  any  mechanical  energy,  It  means  that  we  would  be  able  lo  create  electric  energy  out  ol 
nothing,  which  is  denied  by  the  inviolable  Law  of  Conservation  of  Energy.  In  fact,  to  maintain  the 
sanctity  of  this  law,  it  is  imperative  for  the  induced  current  lo  flow  in  such  a  direction  lhal  the 
magnetic  effect  produced  hy  it  tends  to  oppose  Lhc  very  cause  which  produces  it.  In  the  present  caw.-, 
it  is  relative  motion  of  the  magnet  with  magnet  with  respect  to  the  coil  which  is  the  cause  of  the 
production  of  the  induced  current.  Hence,  the  induced  current  always  flows  in  such  a  direction  lo 
oppose  this  relative  motion  i.e.,  the  approach  or  withdrawal  of  the  magnet. 

*     AfteT  ihe  Russian  hum  geologist  unci  physicist  Hcinrieh  Friedrich  Emil  Lci»  (1808  -  1865). 
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7.6.  Induced  l  .ri i  i. 

Induced  ejn.f.  can  be  either  (ft  dynamically  induced  or  (rf)  statically  induced.  In  the  first 
case,  usually  the  field  is  stationary  and  conductors  cut  across  it  (as  in  d.c.  generators).  But  in  the 
second  ease,  usually  the  conductors  or  the  coil  remains  stationary  and  flux  linked  with  it  is  changed 
by  sjmpiy  increasing  or  decreasing  the  current  producing  this  flux  (as  in  transformers}. 

7.7.  DvnumiailJv  induced  e.m.f. 

In  Fig.  7.7.  a  conductor  A  is  shown  in  crotvsec- 
lion,  lying  within  a  uniform  magnetic  field  of  flux  den- 
sity B  Wbf  .  The  arrow  attached  to  .4  shows  its  direc- 
tion of  motion.  Consider  the  conditions  shown  in  Fig, 
7.7  (a)  when  A  cuts  across  at  right  angles  to  the  flux. 
Soppose  7"  is  its  length  lying  within  the  field  and  lei 
it  move  a  distance  tlx  in  lime  dt.  Then  area  swept  by 
it  is  =  Idi,  Hence,  flux  cut  -  Idx  x  B  webers. 

Change  in  flux  -  Bldx  weber  "  (a)         ...     -  (b) 

Time  taken  -  dt  second 

Hence,  according  to  Faraday's  Laws  (An  7,3.)  the  e.m.f.  induced  in  it  (known  as  dynamically 
uiduucd  e.m  f.)  is 

rate  of  change  of  flux  linkages  =         =  Bi^t  =  Biv  voh  where  ^  =  velocity 

If  the  conductor  A  moves  at  an  jingle  8  with  the  direction  of  flu*  [Fig._7.7  (fr)J  then  the  induced 
e.nLf,  is  e  =  Bh>  sin  6  volts  =  Ixrx  B  {Le.  as  emus  product  vector  \i  and  B ). 

The  direction  of  the  induced  e.m.f,  is  given  by  Fleming's  Right-hand  role  (Art  7.5)  or  Flat-hand 
rule  and  most  easily  by  vector  cross  product  given  above. 

It  should  be  noted  that  generators  work  on  the  production  of  dynamically  induced  e.m.f.  in  the 
conductors  housed  in  a  revolving  armature  lying  within  a  strong  magnetic  field. 

Example  1A.  A  conductor  of  length  I  metre  moves  at  right  angles  to  a  uniform  maynem-  fieltl 
offiux  density  t.S  Wh/tn'  with  a  velocity  of  50  metre/second  Calculate  the  e.m.f.  induced  in  it.  Find 
aha  the  value  of  induced  e.m  J  when  the  conductor  moves  at  an  angle  of  SO"  to  the  direction  of  the 
field 

Solution.  Here  B  -  \  5  Wb/m2    /=  i  m    u  =  50nVs;*:=? 

Now  e  =  Bh  =13x1x50  =  75  V. 

In  the  second  case  B  =  30"    .-.    sin  30"  =  0.5  »;  e  =  75  x  0.5  =  37.S  V 

Example  7.5.  A  square  coil  of  10  cm  side  and  with  iOO  turns  is  rotated  at  a  uniform  speed  of 
500  rpm  ahotit  an  axis  at  right  angle  to  a  uniform  field  of "0.5  Wh/m2.  Calculate  the  insttimuneons 
value  of  induced  e,?n.f  when  die  phi/it  of  the  coil  is  (if  at  right  angle  to  (he  plane  oftluf  field,  tiii  in 
the  plane  of  the  field  (Hi)  at  45*  with  the  field  directUm.     (Elect,  Engg.  AJtf-Ae  S.I.  l>ei-.  I  W|  I 

Solution.  As  seen  from  Art.  J  2.2.  e.m.f.  induced  in  the  coil  would  be  zero  when  its  plane  is  at  right 
Angeles  to  the  plane  of  the  field,  even  though  it  will  have  maximum  flux  Jinked  wiih  it.  However,  the 
coi[  will  have  maximum  e.m.f,  induced  in  it  when  its  plane  lies  parallel  to  the  plane  of  the  field  even 
though  it  will  have  minimum  flux  linked  with  it.  In  general,  ihe  value  of  the  induced  e.m X  is  given  by 
e  =  <u  MDW  sin  0  =  Em  sin  0  where  8  is  the  angle  between  the  ax  is  of  zero  e.m.f.  and  the  plane  of  ihe  coiJ. 

Here,/=  500/  50  =  25/  3  r.p.s  ;  ft  «  100  :  B  =  0.5  WW  ai2 ;  A  =  ( 10  x  10)  x  JO"4  =  10"1  m2. 

■■-       =  2  xfffBA  =  2  Tt  (25/3)  X  100  X  0.5  X  10_I  =  26.2  V  (0  since  0 =0 ;  sin  8  =  0 ;  therefore, 

* =>0.  (ii)  Here.  6  =  90s :  e  =  Em  sin  W  =  26.2  X  I  =  26.2  V  (m)sin  45*=  vjl  ;e =26.2  x  1/^2 
=  18.5  V 

Example  7,6.  A  conducting  rodAB  I  Fig.  7.8)  makes  contact  w  ith  metal  mils  AD  and  BC  which 
are  50  cm  apart  in  a  uniform  magnetic  field  ofB=  1.0  Wlj/m2  perpendicular  to  the  plane  ABCD. 
Ihe  total  resistance  f assumed  constant  i  of  the  circuit  ABCD  is  OA  il. 

(a\  What  is  the  direction  and  magnitude  of  the  e.m.f  induced  in  the  rod  when  it  is  moved  to  rhe 
left  with  a  velocity  of  8  m/s  '/ 


B 
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fb\  Wlttif  force  h  required  to  keep  the  rod  in  motion  ' 

, ,  ,   CitufXHc  lilt  tun  hi  niiie/i  uicciuoocal  work  is  done  hx  tin  fret  r  with  the  rate  of  devehw 


f 


5ft  cm 


\  +       -t-      +  + 


I.) 


B  r 
Fifl.  7.R 


mail  oj  electric  power  in  the  circuit. 

Solution,  (a)  Since  AB  moves  to  the  left,  direction 
of  the  induced  current,  as  found  by  applying  Fleming's 
Right-hand  rule  is  from  A  to  B,  Magnitude  of  die  in- 
duced e.m.f.  Is  given  by 

e  =  pVu  volt  =  I  x  0.5  x  6  =4  voll 

[h\  Current  through  AB  =  4/0.4  *  10  A 

Force  on  AB  i.e.  F  =  BH  =  I  x  1 0  x  0.5  =5  N 

The  direction  of  this  force,  as  found  by  applying 
Fleming's  left-hand  rule,  is  to  the  right.  » 

it)  Rate  of  doing  mechanical  work  =  F  x  u  =  5  x  8  =4(1  J/s  or  W 
Electric  power  produced  =  e  i =  4  x  K)  =  40  W 

From  die  above,  it  is  obvious  that  the  mechanical  work  dune  in  moving  the  conductor  against 
force  F  is  converted  into  electric  energy. 

Example  7.7  hi  a  4-poh  dynamo,  the  flux/pole  is  J  5  mWh.  Calculate  the  averuge  e.m£  in- 
duced in  one  of  the  armature  conductors,  if  armature  is  driven  at  6t.Kt  r.fi.nr 

Solution,  fi  should  be  noted  that  each  time  the  conductor  passes  under  a  pole  (whether  /V  or  S) 
it  cuts  a  flux  of  15  mWb.  Hence,  the  flux  cut  in  one  revolution  is  1 5  x  4  =  GO  m  Wb.  Since  conductor 
is  rotating  at  600/60  =  10  r.p.s.  time  taken  for  one  revolution  is  1/10  =  0-1  second, 


average  e.in.f.  generated  = 


A?  4?  volt 
dt 


d<&  =  60  inWb  =  6x10"  Wb  j  dt  =  SI  1  second 
e  =  1  x6x  10"!/0.l  =0.6  V 


,V  =  I: 


Tutorial  Problems  No.  7.1 

I.  A  conductor  of  active  length  30  em  carries  a  current  of  100  A  and  lies  at  right  angles  to  a  magnetic 
field  af  strength  0.4  Wb/m*.  Calculate  the  force  in  newtons  exerted  on  n  If  the  force  causes  the 
conductor  te  move  at  a  velocity  of  10  m/s,  calculate  ia)  the  e.m.f.  induced  in  it  and  (b\  the  power  in 
watts  developed  by  h  1 12  N;  1.2  V.  1 21*  YV  | 

L  A  straight  horizontal  wire  citm.es  m  steady  current  of  1 50  A  and  is  situated  in  h  uniform  magnetic  field 
iff0.fi  WTVm2  acting  vertically  downwards.  Determine  the  magnitude  of  the  force  in  kg/metre  length 
of  conducmr  ;md  the  Jireedon  in  which  it  works.  1^-175  kg/in  tifirizrnitallv  | 

J.  A  conductor,  10  cm  in  length,  move*  with  a  uniform  velocity  of  2  mA  at  right  angle?,  to  itself  and  to 
ji  uniform  magnetic  field  having  a  flu*  density  of  1  Wh/m".  Calculate  the  induced  e.m.f,  between  die 
end',  iif  (he  u  inductm .  |il.2  \  | 

7.B.   Statically  Induced  E.M.F. 

It  can  he  further  sub-divided  into  (a)  mutu- 
ally induced  e.m.f.  and  (b)  self -induced  e.mj. 

{a)  Mutually -induced  f.m.f.  Consider  two 
coils  A  and  B  lying  close  to  each  other  (Fig.  7.9), 

C«'d  A  is  joined  to  a  battery,  a  switch  and  a 
variabk  resi  «i;incc  R  whereas  asil  B  is  connected 
lo  a  sensitive  voltmeter  V.  When  current  through  .4  is  established  by  closing  the  switch,  its  magnetic 
field  is  set  up  which  panJy  links  with  or  thre,ads;  through  die  coil  tf.  As  current  ihrough  A  is  changed, 
the  fJux  linked  with  B  is  also  changed.  Hence,  mutually  induce  e.m.f.  is  produced  in  B  whose 
magnitude  is  given  by  Faraday's  Laws  (Art  7 J)  and  direction  by  Jjjnz's  I_aw  (ArL  7.5). 

If.  now,  battery  is  connected  lo  If  and  the  voltmeter  across  A  (Fig.  7.10),  then  the  situation  is 
reversed  and  now  a  change  of  current  in  B  will  produce  mutually-induced  e.m.f,  in  A. 
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If  is  obvious  dial  in  the  examples  considered 
above,  there  is  no  movement  of  any  uonduutcsr,  the 
flux  variations  being  brought  about  by  variations  in 
current  strength  only.  Suchjant.in.l.  induced  in  one 
cot]  by  the  influence  of  the  other  coil  is  called  (stati- 
cally bull  mutually  induced  e.m.fl. 

ih)  Self-induced  cm!    This  is  the  e.rn.f.  in-  Fig.  7.10 

disced  in  a  coil  due  (o  the  change  of  in  own  fluxd  linked  with  it.  If  currant  through  the  coil  (Fig.  7. 1 J  J 
is  changed,  then  the  flux  linked  with  Us  own  turns  will  also  change,  which  will  produce  in  it  what  is 
called  self  induced  e.mi.  The  direction  of  this  induced  e.rn.f.  fas  given  by  I^en/'s  lawi  would  he 
such  as  to  oppose  any  change  of  flux  which  is.  in  fact  the  very  cause  of  its  production.  Hence.  iL  is 
also  known  as  the  opposing  or  counter  e.rn.f.  of  self- 
induction. 

7.9.   Self-' inductance 

Imagine  a  coil  of  wire  similar  to  the  one  shown  in: 
Hg.  7.1 1  connected  to  a  battery  through  a  rheostat-  It ' 
is  found  that  whenever  all  effort  is  made  to  increase 
current  (and  hence  flux)  through  it,  it  is  always  opposed  Fig  grjj 

by  the  instantaneous  production  of  counter  e.rn.f.  of 

self-induction.  Energy  required  to  overcome  this  opposition  is  supplied  by  the  battery.  As  will  he 
fully  explained  later  on.  this  energy  is  stored  in  the  additional  flux  produced. 

if,  now  an  effort  is  made  to  decrease  the  current  land  hence  the  fluxi,  then  again  it  is  delayed  due 
to  the  pi  induction  ol  self-induced  e.rn.f.,  this  time  in  the  opposite  direction,  (this  pniperty  of  the  coil 
due  to  which  it  opposes  any  increase  or  decrease  or  currant  of  flux  through  it,  is  known  as  self- 
tndurram-e.  It  is  quantitatively  measured  in  icon*-  of  coefficient  of  self  induction  L.  This  property  is 
analogous  to  inertia  in  a  material  body.  We  know  hy  experience  that  initially  it  is  difficult  to  set  a 
heavy  body  into  motion,  but  once  in  motion,  it  is  equally  difficult  to  stop  it.  Similarly,  in  a  coil 
having  large  self-induction,  it  is  initially  difficult  to  establish  a  current  through  it,  but  once  estab- 
lished, it  is  equally  difficult  to  withdraw  it.  Hence,  self-induction  is  sometimes  analogously  called 
electrical  inertia  or  electromagnetic  inertia. 

7.HJ,  Coefficient  nf  Self-induction  tL| 

It  may  be  defined  in  any  one  of  the  three  ways  given  below  : 
01  First  Method  Tor  L 

The  coefficient  of  self-induction  of  a  coil  is  defined  as 

the  weber-turns  per  untpere  in  the  coil 

By  'weber-turns'  is  meant  the  product  of  flux  in  webers  and  the  number  of  turns  with  which  the 
flux  is  linked.  In  other  words,  iL  is  die  tlux- linkages  of  the  coil. 

Consider  a  solenoid  having  N  turns  and  currying  a  current  of  /  amperes.  If  the  flux  produced  is 
<P  webers.  the  weber-turns  are  A1'*.  Hence,  weber-turns  per  ampere  are  N  <M. 

By  definiUon.  L  =  .  The  unit  of  self-induction  is  henry*. 

II"  in  the  above  relation.    .V*  =  1  Wb-tum,  /  =  I  ampere,  then  L  =  I  henry  iff) 
Hence  a  coil  is  xaid  (o  Itave  a  self-inductance  of  one  henry  if  a  current  of  I  ampere  when  flowing 
through  it  produced  j\ux-linkagcs  of  i  Wh-tum  in  it. 


Therefore,  the  above  relation  becomes  L  = 


NO 


henry 


Alter  i he  American  scientist  Joseph  Henry  1 1737  -  I87H).  n  company  of  Farudiiy. 
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Example  7.8.  The  field  winding  of  a  <Lc.  eiecltomiignet  it  tumid  with  960  turns  and  has 
resistance  of 50  Q  when  the  exciting  voltages  is  230  V,  die  magnetic  flux  linking  the  cod  tv  0.005  Wb 
Calculate  the  self- inductance  of  the  coil  and  the  energy  stared  in  lite  tnugnetw  field. 

N  * 

Solution.  Formula  used  :    L  -  ft 

Current  through  coil  =  23CV50  =  4.6  A   <J»  =  0,005  Wb  , 

L=  960 005  =  10435  H  Energy  stored  =  i  Z.     =  1  |x  J  W35 x  4,6"  _  11.04  J 
4.6  2  2 

Second  Method  for  L 

We  have  seen  in  Ait  6.20  thai  flu*  produced  in  a  solenoid  is 

*  =  „M  ,  .S.y-W-jHtarL-w^-JV.— J*— Jl 
J/MuM        /    //|W*  /  /7pjirA 

L  ~  ;/m#,a    s      ™  L —  j — H 

tt  gives  the  value  of  self-induction  in  terms  of  the  dimensions  of  the  solenoid*. 

Kxamplu  7.9.  An  iron  ring  30  rm  mean  diameter  is  mode  of  square  of  iron  of  2  cm  x  2  cm  cross 
section  and  is  uniforndv  wound  with  400  turns  of  wire  of  2  mm'  cross-section.  Calculate  the  value 
of  lite  self-inductance  of  the  cod.  Assume  u,  =  WW,    (Elect.  Technology.  I,  (iwahor  Univ.  19881 

Suiiitiuti.  L  =  tjtflpf^rl.He«^=4tX»;>l=2x2=4cmz==4>(IO",Tni  :  J  =  0-3  Ji  m ;  ur:=  80Q 
L  =  43t  x  SO'7  x  800  x  4  x  10"*  (40O)\j m  -  ftH.J  mil 

Nntfc.  The  cross-section  of  the  wire  is  not  relevant  to  the  given  question. 

Third  Method  for  L 

N  * 

h  will  be  seen  from  Art.  7. L0  (fl  above  thai  L  =  — j—          JV*  =  U  or  -  /V*  a  -L/ 
Differentiating  both  sides,  we  get  ~      (jIV*)  -      .      (assuming  L  to  be  constant) ; 

Ji  dt 

As  seen  from  Art  7.3.  ~N         =  self-induced  e.rn.f.        .-.  eL=  -f  ^' 
dl 

If  —  =  I  ampcrc/seeDnd  and  eL  -  1  voltt  then  L  =  I  H 

Hence,  a  coil  has  a  self -indue  twice  of  one  henry  if  one  volt  is  induced  in  it  when  current  through 
it  changes  at  the  rate  of  erne  ampere/second  ■ 

I  \u  mil  It  7.10.  If  a  cod  of  I  DO  turns  is  linked  wit  It  aflus  nj  0.0 1  Wh  when  iwrying  current  of 
10  A,  calculate  die  inductance  oj  the  coil  If  dux  current  is  uniformly  reversed  in  0.01  second, 
calculating  the  induced  electromotive  force. 

S^lutluiL  L  =  NWI  =  ISO  X  0.01/10  =  0.15  TI 

Now,  eL  -  LtUfdt  tdl  =  -  l0-(-  10}  =  20  A 

eL  =  0.15  X  20/0.01  =  300  V 

Example  7.1 1.  An  iron  rod,  2  cm  in  diameter  and  20  cm  long  in  bent  into  a  closed  ring  and  is 
wound  wtth  1000  turns  of  wire.  It  is  found  that  when  a  current  of  0.5  A  is  passed  through  this  mil, 
the  flux  density  in  the  coil  is  0,5  Wb/m  .  Assuming  that  all  the  flux  is  linked  with  eveiy  mm  of  the 
cniL  what  is  fa}  the  B/H  ratio  for  the  iron  (bl  the  inductance  of  the  coil  ?  What  voltage  would  he 
developed  acnfss  the  coil  if  the  current  through  the  coil  is  interrupted  and  the  flux  in  the  it  on  falls  to 
10  %  of  its  former  value  m  0.001  second  f       {Principle  of  Elect  Ekrr.  Jaduvpur  Univ.  I9S6» 

*     In  practice,  the  luriucuncc  of  at  shon  solenoid  is  given  by  L  =  A'ij,,  \iyAWI  where  A'  i,i  NajjatJka'x  nmstanL 
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Solution.  H  =  NJtt  =  3000  x  0.2  =  7500  ATMi    =  05  Wb/m2 

R      0  5 

(a)  Now,      "         -  6.67  X  10"5  H/m.  Also  p,r  =  B/^  W  -  6,67  x  I0"?/4k  x  10"7  =  53 
,t.  ,     N4>  300xnx(0.02)Jx0.5 

w  L=  r" — 4x0.5  -m" 

™lt       =        of  original  flui  =  gj*  "  *  t0-02)  *°-5  _  0.45  n  x  UT*  Wb 
df  -  0  001  second    /.    eL  =  3000  x  0.45*  X  10~^/0.0Q1  =  424  V 

Example  7.12,  A  circuit  has  1000  turns  enclosing  a  magnetic  circuit  20  cm'  in  section.  With 
4  A.  the  flux  density  is  1,0  Wb/m1  and  with  9A,  it  is  1.4  WbnC.  Find  the  mean  value  of  the  inductance 
between  these  current  limits  and  the  induced  e.m.f.  if  the  current  falls  from  9  A  to  4  A  in  0.05 
seconds.  (LleeL  Engineering*!.  Delhi  Univ.  I9H7) 

Solution,  L  =  N^-  =  N-^{BAt=NA~L  ^  =  ,000 x 20 x  Hf* (14 -  lJ/(9-4)  =  0.J6 H 

Now.  *L  =  Ljf//</f  ;<//  =  (9 -4)  =  5  A,  df  =  0.05  s    a    #t- 0.16 x  5/0.05  =  16  V 

Example  7.13.  A  direct  current  of  one  ampere  is  passed  through  n  coii  of  5000  turns  and 
produces  a  flux  of  O.tmWb.  Assuming  that  whole  of  this  flux  threads  ail  the  (urns,  what  is  the 
inductance  of  the  coii  f  What  would  be  the  voltage  developed  across  the  coil  if  the  current  were 
interrupted  in  10  second  7  What  would  be  the  maximum  voltage  developed  across  the  coil  if  a 
capacitor  of  l(l\l  F  were  connected  across  die  switch  breaking  the  d.c,  supply  ? 

c  .   .   j  dl  0.5x1 

Solution.  L  =  NWI  =  5000  x  \QT  =0.5  H  ;  Induced  e.mJ.  =  L .  ~r  =— T  =  500  V 

iff  |Q 

The  energy  stored  in  the  coil  is  =  \  L?  =  ~  x  0J  x l1  =  0-25  J 

When  the  capacitor  is  connected,  then  the  voltage  developed  would  be  equal  to  the  p.cL  devel- 
oped across  the  capacitor  plates  doc  to  the  energy  stored  in  the  coil,  [f  V  is  the  value  ol"  the  voltage. 

then  |  CV2  ~n  U2  ;  J  x  lOx  10"6  V1  =  0.25  or  V  =  224  volt 

Example  7.14.  (a)  A  coil  of  1000  turns  is  wound  on  a  torroidal  magnetic  core  having  a  reluc- 
tance of  itf  A  T/Wh   When  the  mil  current  is  5  A  mid  i  h  increasing  at  the  rate  of  200  A/s,  determine, 
til   energy  stored  in  the  magnetic  circuit  (ii)  voltage  applied  across  the  coil 
Assume  rod  n  M\rauce  as  zero 

(b)  How  are  ytfur  answers  affected  if  the  coil  resistance  is  2  Q.  * 

{Elect.  Teduiologv.  Hyderabad  Univ.  1W1 1 
Solution,  (a)  L  =  f^lS  =  I000z/10*=  I  H 

(0  Energy  stored  -  y  U1  =  |  x  I  x5J  =125  J 

(if)  Voltage  applied  across  coil  —  self-induced  e.m.f.  in  the  coil  —  Ldlidt  —  J  x  200  =  200  V 
(b)  Though  there  would  he  additional  energy  loss  of  51  x  2  =  50  W  over  the  coil  resistance, 

energy  stored  in  the  coil  would  remain  the  same.  However,  voltage  across  the  coD  would  increase 

by  an  amoral  ■  5  x  2  =  10  V  ie.,  now  its  value  would  be  210  V. 

7,11.  Mutual  Inductance 

In  Art.  7.8  {Fig.  7.9)  we  have  that  any  change  of  current  in  coil  A  is  always  accompanied  by  the 
production  of  mutually-induced  e.m.f.  in  coil  B.  Mutual  inductance  may.  therefore,  be  defined  as 
the  ability  of  one  coil  (or  circuit)  to  produce  an  e.m.f.  in  a  nearby  coil  by  induction  when  the  current 
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in  the  tint  coil  changes.  This  action  being  reciprocal,  the  second  coil  car  also  induce  an  e.m.f.  in  the 
first  when  current  in  the  second  coil  changes.  This  ability  of  reciprocal  induction  is  measured  in 
terms  of  the  coefficient  of  mutual  induction  M. 

Example  7.15.  A  single  ttemta  ban  the  current  and  voltage  fwutions  gnifiked  in  figure  7.12. 
ui)  ami  (hi   Deiermiiir  tlir  rteincur.  |R«mb»y  Unm-rsil)  2IHI1] 
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Solution,  Observations  from  the  graph  are  tabulated  below. 


Sr.  No. 

Between  lime 

dudt 
amp/sec 

V 

1 

0  -  2  m  Sec 

5000 

15 

=  3mll 

2 

2  -  4  m  Sec 

0 

0 

3 

4  -  6  m  Sec 

-  10.000 

-30 

-30/<-  lo.oom 

a  3  111H 

6-8  tn  Sec 

0 

0 

The  element  is  a  3-mH  inductor. 

7,12.  Coefficient  of  Mutual  Inductance  (M) 

lL  can  also  be  defined  in  three  ways  as  given  below  : 
liM   Fintf  Method  for  M 

Let  there  be  two  magnetically-coupled  coils  having  /V,  and  rV,  turns  respectively  (Fig.  7-35. 
Coeffictenl  of  mutual  inductance  bcLween  the  two  coils  is  defined  as 
(he  weber-turns  in  one  coil  due  to  one  ampere  current  in  (he  other 

Let  a  current  /,  ampere  when  flowing  in  the  first  coil  produce  a  flux  <!>,  weben.  in  it.  //  is 
.supposed  that  whole  of  this  flux  link*  with  the  turns  of  the  second  coil*.  Then,  (lux-linkages  i.e.. 
wcbers-lums  in  die  second  coil  for  unit  current  in  the  first  coil  are  A/,  *(//,.  Hence,  by  definition 


fi 


If  weber-tums  m  second  coil  due  to  one  ampere  current  in  the  first  coil  i.e.  N>  =  1  then,  as 
seen  from  above,  M  =  I H. 

Hence,  two  coils  are  said  to  have  a  mutual  iniluckmce  of  !  henry  is  one  ampere  current  wlten 
flowing  in  one  coil  produces  flux-linkages  of  one  Wb-turn  in  the  other. 
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K\;mi|j[i'  7.16.  /'n  rr  identical  <"<'//.*  A  and  Y  of  t.OtHi  turns  trut  h  lie  in  jtarallet  plana  tuch  that 
fM'-t  i}/  flux  priniuced  hv  imc  cuil  tints  with  the  other  If  a  current  of  5  A  fto*'blj(  in  X  proflucc*  a  flux 
ttfU.5  tn\Vh  in  ft.  find  the  mutant!  inductance  henseen  V  and  Y    iKIert.  Kn^.  \.M.  \e.S.I.  l4Wii 

«**■*■*,  Formula  used    A#  =  H  .  pj^  prodm^]  jn  x  =  0.5  mWh  =  0.5  x  If)  '  Wb 

J 

Rue  linked  with  Y  =  0.5  x  JO*3  x  0.8  =  0.4  x  10"'  Wb ;  A/«  "M^O-4*10    _  1|  |)H  H 

5 

Kvmupk'  7.17.  A  (vni{  single  layer  iulenoid  hia  an  effective  diameter  of 10  iin  and  is  wound 
n  dli  2500  :\T/metre    There  is  a  xnudl  cmn  fiiirwrd  cod  having  its  plane  iving  in  tlur  centre  *  ma- 
il i.  annul  plane  of  the  solenoid  Calculate  the  nnntoal  inductance  ftetiveeti  tlw  tMo  ■  <>//>  in  ,  u,  .'i . 
if  til,  4  out  cutruted  i  oil  litis  120  tunn  on  an  effective  ditimrtct  tij'tai  H  cm  and  \b\  12  em. 

iKlw-t.  Scurocr  -  11  Allahabad  I  nlv.  mii 
Si  iht! ichi.  The  two  cases  (a)  and  (p)  are  shown  in  Fig.  7. 1 3  (a)  and  {h)  nriDeelively. 
{a)  Lei  /,  be  the  current  flowing  through  the  solenoid.  Then 

B  =  \^Ji  =  m^v/,//  ■=  2500  jj^/,  Wb/m3  .../- Ib 

Area  of  search  coil  A ,  =  j  x  fT  x  10  4  ■=  (6n  x  10~*  in1 

Flu*  linked  with  search  coil  is 

4>  =  "M,  =  2500 ^xl&tx  10^=  15.79  /,  x  10"*  Wb 

(fa)  Since  the  field  strength  ouis.de  the  solenoid  is  negligible,  the  effective  area  of  the  search 
coil,  in  this  case,  equals  the  area  of  the  long;  solenoid. 


_jQ  o  d  o  □  q  a  a  Q 

GOOD 


o  o  o  o  o 


„   Q_  C_J3_0    0   Q    a.  □ 


a  poo 

u  u  u'  u  u — u  a  u 
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0.1m  u.USm  0.12  m  0.1  m 

=1  I 


tt  — a — rj-TJ ■■  u  u  rj — d  o 

o  o  o  o  o 


%  7.13 


a,  =  |  =io-x  io"*  =  litr^j 


*  =  BA:  =  2500  |V,  X  j  X  10"J  a  24.68  lt  x  SO"6  Wb 

1 20*  24.68  /.x  JO"*  , 
A/  -   ; — 1  =  2.962  X  10  II 

Kumipk'  7.18.  i  fffn  of  0.5  mWVi  tx  prodiunl  by  a  coil  n/  WW  jwh,.  wound  on  a  imy  w  ith  tt 
current  of in  /?  Calculate  lit  the  indu\  turn  c  of  the  r  or/  fii_J  f^f  t\m.y  induced  m  the  coil  u  lien  a 
current  of  5  A  w  su'Uciunl  off,  asiunnng  the  current  to  full  In  zero  in  I  tntlti  xei  oml  tntd  \inl  the 
mutual  inditi  iani  c  ftetucrn  the  coils.  :t  >:  '.<<  <;>id  t  ml  of  r>ot>  nirni  r.  uniformly  wmmd  over  the  Iii  m 
coll  IF.  E.  Pune  tfniv,  M ay  1 9K7  > 


II  whul*  iU  Hui  llu*  u\M  link,  uith  Uiith  i»f  (he  wiunl  iJiL'ti  imly  ilut  pun  i>f  ttic  fln»  wlurh  ^ 
.uiLLilly  linlkiid  I*  i.fLiii  uiswail.  (Ei  7  H  and  7  17)  In  general,  W  =  Nfi>Jlr 
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i  *n      ,.,  n  ,  ■    F  /V*    900x0.5  xlO3 

Sululion.  10  Inductance  uf  the  firsl  cod  =  !^-~-a   =0.1?  M 

/  3 

(hi  cm.f.  induced  *.  =  I^  =  OISx  -  750  V 

1        at  I  x  10 1 

„  V,*,  600xOJxlO"J 
triJ)  =   i  >0.1H 

'i  ^ 

07)  Second  Method  Tor  M 

We  wiU  now.  deduce  an  expression  Air  cixrtficien!  uf  mulual  inductance  in  terms  of  the  dimcn 
lions  of  the  rwo  cuils. 

Flux  in  the  first  cod    *,  =  - — ^ —  Wb  :    Rux/ampere  -  ~r  =  , .  — ■ 

Assuming  that  whole  of  this  flux  (it  usually  is  some  percentage  of  il  l  is  linked  with  the  other  coil 
having  /V,  turns,  the  webcr-tums  in  it  due  to  the  flux/ampere  in  the  first  coil  is 

„      AT,*,      ft*  u^W.rV, 

Also  ,W  =    ,    1   *-  =  — =-i-iH 

//M,iMr^    reluctance  S 

Example  7J*.  // a  coild  of  150  turns  is  linked  with  a  flux  of 0.01  Wb  when  nrn-i'i;  u  i  urrmt 
uf  tO  A  .  calculate  die  inductance  of  tlie  cuil.  If  this  current  is  uniformly  reverted  tn  0.1  second, 
i  nicutatr  the  induced  c.m.f  If  a  second  coil  of  }Q0  turns  is  uniformly  wound  over  the  first  mil,  find 
the  mutual  inductance  between  the  coils  |F.  E,  Rum'  Univ.  Ma)  1^84 1 

S«lutiun.  =  N, (D,//,  =  150  x  0.01/10  =0.15  H 

r  =  L  x  di/dt  =  G.\5  x  [ID  -  <-IO)]/DJ  =  I  =30  V 
M  =  AW/,  =  100  x  0.01/10  =  0.1  H 

ii'hi  Third  Meihtxl  Tor  M 

AT,*! 

As  seen  I  mm  Art  7  12  (i)  hf  -      "   -     ;.  /V,*,  =  M/,  or  -  /V7<P,  =  -  Mlt 

d  Mi 

Differentiating  both  sides,  we  get :  —  ■  (#,<!>,>  =  -M-Jj-  [assuming  it  lo  be  constant* 

d  dl. 
Now.  -     (JV,*,  I  =  muuially- induced  c.m.f  in  the  second  coil  =  cu    .:  e^  =  ~^~^J 

If  df/dt  =  1  A/s ;  em  =  I  volt,  then  M  =  1  H 


■ 


Hence,  rwo  coils  ore  said  la  luive  a  mutual  inductance  of  one  henry  if  current  changing  at  flit- 
rate  of  I  ampere/second  in  one  coil  induces  an  c.m.f.  of  one  volt  in  the  other. 

Example  7.20.   I'wo  coils  having  JO  and  600  turns  respectively  are  wound  side-byxide  on  a 
closed  iron  circuit  of  area  of  cross-section  100  so. cm.  and  mean  length  200  cm.  Estimate  the  mu 
lual  inductance  between  the  coils  if  the  relative  permeability  of  the  iron  is  2000.  If  a  current  of  zero 
umfwre  grows  to  20  A  in  a  lime  of  0.02  second  in  the  first  coil,  find  the  c.m.f.  induced  in  the  second 
cod.  -Reel.  Kiiku-  I.  .IM  l  itiv.  Waraiu'al  l''H-l< 

Solution.  1-ormuJa  used :  M  =      1  *   H.  Af,  =  30 :  /V,  =  600 ;  A  =  100  x  10^*  =  10" V.  /  =  2m 

M  =  ynjx/i  N,Nj/l  -  4k  x  10"'  x  2000  x  10~3  x  30  x  600/2  =  0J26  H 
<f/,  =  20  -  0  e  20  A  :  dt =0,02 1 :  e„  -  MdlJdt  -  0.226  x  20/0.2  -  22ft  V 
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Example  7.21.  Tw  cnih  A  anil  B  each  having  1200  turns  art  plat  ed  near  each  other  When 
coil  B  it  ttpencirruircd  and  cod  A  carries  a  current  oj  5  A.  the  flux  pnnluced  hv  cod  A  is  0  2  Wb  and 
MrVr  oftltts  flux  /wtA.v  n-iih  nil  ihr  turns  oj  cad  fi.  Determine  the  voltage  induced  in  cod  B  on  open- 
circuit  when  die  current  in  die  coil  A  is  changing  at  the  rate  of  2  A/x. 

Solution.  Coefficient  or  mutual  induction  between  the  two  coils  'is  M  -  NJb-JIx 

Flu*  linked  with  coil  B  is  30  per  cent  of  0.2  Wb  i.e.  0.06  Wb 

M  =  POO  x  0.06/5  -  14.4  H 

Mutually-induced  e.m.f.  in  coil  B  is  eu  =  Mdljdi  =  14.4  x  2  =  28.H  % 

I'.vaniptc  7.22.  Tnr  coils  tire  n  omul  sidt  h\  \idc  mi  o  pupcr-tufa  former.  An  e..m.f.  of  0.25  V  i\ 
induced  in  i  nil  A  ii  Itcn  the  flux  linking  it  c)uuit;ti  at  the  rule  of  !(/  Wb/s.  A  current  of  2  A  in  coil  B 
t  auia  u  ftu\  of  l(T  Wb  to  link  end  A.  What  is  the  mutual  uutuLlartte  Itet^ecn  the  coils  r 

(Ekcl.  b.ngg-l.  Bom  buy  1  niv.  I4«5t 

Sitlbiiun.  Induced  cjnT.  in  coil  A  is  e  =  N.        where  N,  is  the  number  of  turns  of  coii  A. 

dt 

0.25  =  Nl  x  10"  '    ,  .    A/,  =  250 
Now.  Run  linkages  in  coil  A  due  to  2  A  current  in  coil  B  -  250  x  10  5 

M  =  n»x  linkages  in  coil  A  a  ^  x  |<r»fl  ,1JLSmH 
current  in  coil  B 

7.13.  Coefficient  uf  t  uupling 

Consider  two  magnetically-coupled  coils  A  and  B  having  N]  and  AA,  turns  respectively.  Theii 
individual,  coefficient*  of  ^elf  induction  art-. 


A£a  rv,: 


-  7777-hr^ 


N I 

The  11u\      produced  in  A  due  id  a  currcni  /,  ampere  is  <X>,  =       '  1 

Suppose  a  fraction  ks  of  this  flux  i.e.  A,*,  i*  linked  with  cot]  B. 

k<b  x  jV 

Then  W  =     '  '      -  where  kS], 

Substituting  the  value  uf      we  have,  M  =  L  x    N*N*  .„(/) 

1  1  "PoM 

an/,' 

Similarly,  the  flux  O.,  produced  in  fl  due  in  /,  ampere  in  it  is  <t»,  -  ,  .  *  1 

Suppose  a  fraction  It,  of  this  flu*  Le.  |t,<P,  is  linked  with  A. 
_  JtAxJV,    .  N.N, 

Then  Af  ■   "y  -  '*> 

Multiplying  Eq.  (r)  and  (//).  we  get 

AT  =        jA~x  -        -    or   AT  =  k.kJ-L, 

Putung  yjk^k-,  -  k.  we  have  M  ~  k  or   k  =  ~J"£J~'~ 

The  constani  k  is  called  the  coefficient  of  coupling  and  may  be  defined  as  the  ratio  of  mutual 
induc  tance  actually  present  between  the  )nw  coito  H  /A*  ttuti/nu/n  pttssible  mint.  If  the  flux  due  to 
one  coil  completely  links  with  the  other,  then  value  oft  is  unity  If  the  flux  of  one  coil  docs  not  til  all 
link  with  the  other,  then  k  =  0  In  the  lirM  case,  uhen  k  =  1.  coils  are  said  lo  be  tightly  coupled  and 
when  A  =  0,  uur  toils  are  magnetically  isolated  from  each  other. 
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kttunplr  7  7"n  <'  ft/wim  uf  750  turn  t  oils  A  and  B  lie  tn  ptallel  planes.  A  current  changinn 
at  the  rule  aj  15(H)  A/s  in  A  induces  an  e.m.f.  of  i  J. 25  V  in  B.  Calculate  the  mutual  mduclancc  of  the 
,un.in\;<  <»•  "i  h  the  •■I'lj-iihltii  loner  •>!  rm  h  ,  nil  n  15  mil  ,  alcidati  (In  flux  produced  in  coil  A  pet 
atnpere  ami  the  percetttune  of  this  flux  which  link*  tlw  turns  ofB. 

.Solution.  Now,  eM  m  Mdljdt  ...Ait  7.12 


Now.  i.,  =  .-.   jg_  =  -    "     =  2*  10  'VV1./A  ...Art.  7.10 

J(  7|         jV,  750 

Now,  k=-fL,    =  13*}9  }  7-5xl°i  =Q5  =  S0%{:  L.=L,  =  L)  ...Art.7.13 

-1  15x10"' 


Jl£  =  J/2 


K sample  7JS4.  7Vsi  r< *ih.  A  of  12.500  turns  tuul  B  of  16,000  turn*.  lie  hi  (tarullei pltutex  so  tltut 
60  of  flux  pnxlucril  m  A  link*  ■  ml  B.  It  it  found  that  a  current  of  5A  in  A  produirs  a  flux  of  0.6 
mWh  while  the  \ume  current  in  fl  produces  tf.fi  mWh.  Determine  (li  mutual  inductance  ami  ttil 
coupling  coejffitirnt 

Solution.  (0  Flux/ampere  in  .4    =  0.6/5  =0.12  mWb 

Flux  linked  with  B  -  0. 12  x  0.6  =  0.072  mWb 

jW  =  0.072  x  10~*  x  16.000  =  1.15  H 

<i0  A  =  wfi^U  =1.15/^1.5  x  2.56  =  0 SUt, 

Mvtc  Wc  could  tin  J  A  in  another  way  also.  Value  of  t ,  =  0.6.  thai  of  A,  coukl  idso  he  found,  then  k  =  Jkfc  . 

Example  7.25.  J  wo  magnetically-coupled  coils  have  a  mutual  inductance  of  32  mH.  Wlwt  i.\ 
the  average  e.m.f.  induced  m  tint;  if  the  current  through  the  other  eltangex  from  J  to  15  m.)  tn  0.004 
lecond  ''  Given  that  one  coil  lias  twice  the  number  oj  turns  m  fhe  other,  calciuilte  the  inductance  of 
each  end.  Neglect  leakage. 

Solution.  W=  .12  x  10"'  H  ;dlf  -  15  -  3  -  12  mA  =  12  x  10"'  A  ;  ds  =  0.0O4  second 

.  ■      ^      **dI\  ^2xt0~1x^2xl0~, 

Average  c.m.l.  uuluccd  -  M— -1  =  — — —   =96  x  10  V 

dl  I H  iu4 

Now  Li  =  \itflZAfl  =  krt2  where  k  -  y^A/i  (taking  p,  =  1 1 

Now  A/=  fi^U^^xl,  =n.L,  =  niJ2  =  wJlmH  :t!  =  2xl6/%/2  =  32s/2  mH 

Example  7.26.  7\iw  «n/i,  .4  tmii  £1,  hutr  xelf  inductance.\  at  120  \ill  and  300  \xH  respectively 
A  current  of  I  A  through  coil  A  produces  flux  linkages  of  100  \l\Vh  turnx  in  coll  B.  Calculate  ( rj  the 
mutual  inductance  between  the  coils  (ill  the  coupling  coefficient  and  (Hit  the  average  e.m.f 
induced  in  cod  li  it  o  current -it  I  \  m  end  .\  t>  reversed  at  a  uniform  nut  tn  0.1  sec 

(F.E.  Punt  Univ.  Nov.  I98V| 

,,       flux-linkages  of  coil  B  100x10"* 

SoluUon.  Ul  M  =   =100  till 

current  in  coil  -l  1 


7^20  x  lO^X  300  x!0"* 
{W  e ,  =  M  x  dildt  =  ( 100  x  I0"*>  x  mi  =  0.002  V  or  2  roV, 


Electromagnetic  Induction 
7.14.  Inductance*  in  Series 

[if  Let  the  two  coils  be  so  joined  in  series  thai  their  fluxes 
(or  m.m.ftij  are  additive  ie„  in  the  same  direction  (Fig,  7.M>. 
Let         M  ~  coefficient  of  mutual  inductance 

J.,  =  coefficient  of  self-inductance  of  1st  coil 
L,  a  coefficient  of  self-idticLance  of  2nd  coil. 

di 

Then,  self  induced  e.m.f.  in  A  is  e,  =  -  L,.— 

J         1  dt 

Mutually-induced  e.m.f.  in  A  due  to  change  of  current  in  B 
di 


293 


<it 


Fip,  l.U 


Sell -induced  e.m.f.  in  B  is  =  e->  =-  L^, 


4L 
dt 


MutualH  -induced  e.m.f  in  H  due  to  chance  of  current  in  A  is  =  t."  =  -M  — 

dt 

(Ml  have  -ve  sign,  because  both  self  and  mu tally  induced  ejnJit.  are  in  opposition  to  the  ap- 

di 


plied  cmX).  Total  induced  e.m.f  in  the  combination  =  -  -~  (Lt  +  L,  +  2Af) 

at 


III 


If  L  is  the  equivalent  inductance  then  total  induced  c.m.f.  in  dial  single  cut'  wcnld  liave  been 

.Jffl 


-l  * 
'  dt 


Equating  III  and  (if)  above,  we  have  L  =  Lv  +     +  2M 

tii)  When  the  coils  arc  so  joined  that  ihcir  Runes  are  in  opposite  directions  (Fig.  7.15). 

di 


As  before 


=  -  L 


f,   =  + 


\st 

M.  ^  (mark  this  direction! 


e>  - 


t  di  .  ,  di 
-Lj  -—  and  (*•*-»  M. 


Total  induced  c  m.f.  =  (L.  +  L,  -  2M) 

dt 


i- 


Fig.  7.15 


..  if  m.m.fs  are  additive 
...  il  m.m.fs.  are  subtracu  vc 


.-.    hquivulcni  inductance 

L  =  /.,  +  JLj-2W 
[n  general,  we  have  /,  =  /.,  +  L,  +  2M 

i'u.1  L  =  £.,  +  L,  -  2A/ 

Example  7.27.  /  <i  r>  i-fit/j  with  </  coefficient  of  coupling  of  0.5  between  them,  arc  connected  in 
irnL'i  v>  rj,*  ff»  imignrtisf  im  in  f/ir  vmm;  direction  \b)  in  the  opposite  direction  The  cvrrtsptmdinfi 
value*  at  total  induaiuwes  are  for  (a)  t  .9  H  ami  for  \h>  0.7  11  Find  the  selt-mJiwtiun  r\  of  the  im> 
colli  ami  the  mutant  induc  tance  between  tlian. 

Solution,  (a)  L  =  L,  +  L,  +  2M    or    I  •)  =     +  ij  +  2M  ..  (i) 

ib)  Here  L  =  L{  +  t^-IM   or   0.7  ^L^^l^-IM  .Mi) 

Subtracting  li/i  from  (7 1.  we  gel 

1.2  =  4M  ..  M-OJH 

Putting  this  value  in  (0  above,  we  get  L,  +     =  1 J  H  ~-(rii) 
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We  know  that,  in  general.  M  =  k-Jt^L* 

From  iiiii.  we  get  (£,  +  LJ*  -  4L,t,  =  (Ij  -  Lj)1 

It,  -  Ljr  =  0.25    or    /,,-L^OjS  ...</v) 
From  (»/)  and  (iv).  we  get  Z.,  =  0.9  H     and  =  0.4  H 

Example  7.28.  77i<r  combined  inductance  of  two  evils  connected  in  series  is  ().(>  H  w  fit  M 
dvpautina  on  tin-  relative  t  It  ret lions  of  die  currents  in  the  ante.  If  one  of  die  coils  wlien  isolated  lias 
a  telf- inductance  of  0.2  H.  calculate  (ai  mutual  induelmice  and  (hi  awt^  taefftcicni. 

(PJoct.  Tfdinwlogj.  Vn\\.  of  Indorc.  1987s 

Solution,  (i)  L  =  L{  +  U  +  2M    or    0.6  ^  Lt  +     +■  2M  ...|i) 

and  0.1  =  Lt  +  4-ZAf  .4"") 

ia\  From  (i)  and  (ii)  wc  geuAf  =  0.125  II 

Let  L}  -  0.2  H,  then  substituting  this  value  in  (i)  above,  we  get     =  0. 1 5  H 
{*)  Coupling  coeffieienl     k  =  M  fi^U  =  0. 1 25  /  JO.2 x  ().  1 5  =0.72 

Example  7.29.  Two  similar  t  oil*  have  a  coupling  coefficient  of  0.25.  Wl\en  they  are  ctmnected 
in  writ's  i untulutively,  tin1  total  indurttmce  is  SI)  tuH  Calculate  the  self  Inductance  of  each  coil, 
Also  i  alcidule  the  totul  Uuiuclanee  when  die  roils  art  connected  tn  u  ni'i  dif/crtntialtv. 

IF.  E.  Pune  I  im.  1988) 

Solution.  If  each  coil  has  an  inductance  of  L  henry,  then  L{  -  ln~  L.M—k  Jtyt^  -  kyjLx  L  =  kL 
When  connected  in  series  cummina lively,  LJie  total  inductance  of  [he  cods  is 
=  1,  +  /^  +  2Af  s  2Z.  +  2A/  =  2Z.  +  2H-  =  21  <  1  +  0.25)  u  2.5L 
2.5  Z,  =  80   or    L  =  32  mH 
When  connected  in  series  differentially,  the  total  inductance  of  the  coils  is 

=  L,  +  £j-2Af  -  2J.-2A*=lL-2JtZ.  =  2I(l-l)  =  2i(l  -0.25) 
2i/x0.75  =  2  x  32  x  0.75  =  48  mH. 
Example  7.30.  Two  cods  with  lenunuth  I  ,.  !  ami  T ^  T4  respectively  are  flared  side  hy  side. 

When  measured  separately,  the  inductance  of  the  first   

cud  is  1200  mH  and  that  of  the  second  is  800  mH,        (Tnrtn    npTff":        f  b'b  b*]  jVb~b" 
With  r.  Joined  to  T r  the  inductance  between  1 ' t  and       1        t    I        I        1  t 
Ttis:SMn<H  What  i\  the  mutual  inductance  between  f~\      T  t,    i.  1     T>  T* 


the  two  coils  ?Also,  determine  the  inductance  between 
Tt  and  ff  when  T1  is  joined  tu  Tr       { Eleclrical 


(3  p 
Circuit,  Nagpur  Wv.  1991 1  "  Rfc  7J6 

Solution.  tj  -  1200  mH.  L,=s  800  mH 

Fig.  7.16  ia\  shows  additive  series. 

L  =  2M 
i.ir  2500  -  1200  +  800  +  2JW  ;  Af  =  250  mil 

Fig.  7.16  [b)  shows  the  case  of  subtract! ve  or  opposing  series. 
Here.  I   =  L,  +     -  2M  =  1200  +  &00  -  2  x  250  =  1500  mH 

Kxumplr  7.31,  T/ir  total  irultu  tuner  of  net  >  t  nth.  \  nod  H.  when  >  onrii-i  red  to  \cnes.  tsOJ*  H  or 
0.2  H,  depending  on  the  relatiw  directions  of  the  current  in  the  arils.  Cod  A.  when  isolated  from 
coll  H.  has  a  self-uuhtLiance  of  0.2  H.  Calculate 
\ai  the  mutual  inductance  l>etween  She  two  coils 
( h )  the  self -uidm  ■timce  of  coil  R 
{c)  the  coupling  factor  between  the  coils. 

((/I  the  two  possible  values  of  the  induced  r.m  f.  in  coil  A  when  the  current  U  decreasing  at 
1000  A  per  second  in  the  wnes  circuit.  (Fleet  Terhnolngj,  H)deratiiul  Univ.  1992) 
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Solution.        Combine  J  indue  mice  is  given  by  L  =  L\  +     ±  2M 

03  =  Lt  +  L^  +  IM       ...ti).       0.2  =  JL,  +  L  -  1M  ...(//) 
Substracting  (if)  from  (/}.  we  have  4M  =  0.3    or   M= 0.075  H 

{bi  Adding  <i)  and  «'./>  we  have  07  =  2  x  0.2 +  2L.  =0.15  M  

U I  Coupling  factor  or  coefficient  is  it  =  Ml  fi^L,  -  (I.M7SV'().2  -  0  1 5  =-  0  435  or  4.1.4'  . 


1  (//  *// 


f,  =  (0.2  t  0.0731  x  1000  =  275  V 

=  (0.2  -  0.075)  x  1000  =  125  V 

Example  7.32,  Find  the  equivalent  nuluriunce  t.^  in  Fig.  7.17 

0.60  H 
* — Trrmrjrr  


r 'cumulative  connection" 
'dilTcreiiliuJ  connection' 


— TOTrrrrr  

0.3  i:j  1 1 
Fi«.  7.17 

illamhav  I  nivervil>.  2001) 

Solution.  Scries  Parallel  combination  nf  Inductors  has  to  be  dealt  with.  Note  that  there  is  no 
mutual  coupling  between  coils. 

=  0.5  +  [0.6  X  (U/(0J  +  03)]  =  0.7  H 
7,15.  Inductance  In  1'aralkl  ______ 


In  fig.  7  I  S.  two  inductances  ol  values  l.f  andL,  henry 
are  connected  in  parallel.  Let  the  coefficient  of  mutual 
inductuce  between  the  two  be  M.  Lei  r  be  the  main  supply  — 
current  and  i,  and  U  be  the  branch  currents 
Obviously.  i  ■  /,  +  i2 

dt         ds  dl 
In  each  coil,  both  self  and  mutually  induced  c.m.fs. 
are  produced.  Since  the  coils  are  in  parallel,  these  e_m.fi..  are  equal.  For  a  case  when  self- induced 
c.m.f.  assists  the  mutually- induced  e.mX  assists  Oie  mutually-induced  e.rn.i'.,  we  get 


Fi«.  7.18 


t  =  L.—^  +  M        a  L,~f-+M 


or 


dA 

dl 


dt  '  dt 

di. 


■Af) 


dt 


Hence,  (i)  above  becomes 


dt 


(U-M" 

+  1 

di2 


M  '  t"'  —  2». 

dt  or 

l,  -  m  yu 


jW  Mr 


-CO 
...(...) 


If  £.  is  the  equivalent  inductance,  then  e  =  Ljj  =  induced  e.m.f.  in  the  parallel  combination 


dt 


-  induced  e.m.f.  in  any  one  coil  =  /,,.  g  +  W  "777" 


-+  M 


Uv.l 


,y.  ~  L[^"di   "'  dt , 

Substituting  the  value  of  tli/dr  from  (//")  in  {iv),  we  get  —  =  ^  M I  j?  _^  l+       </T  ""^ 
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Hence,  equaling  iiii)  10  (Iv),  we  have  -f — —  +  1  =  -7 

1-1  —  M  L 

1  { L,L,  -  Af : 

or 


■  M 


when  mutual  field  assists  the  separate  fields. 

L,  +  Lj  2jW 

Similarly.  £,  -  -=^~  ztt   when  the  to  fields  oppose  each  uthcr 

iL  +  Lt  +  2Af 

I  wimple  7J3.  7uv>  <<rn'  W  mJ;<.  fimi  t's  4  and  fi  h^mcv  art  cmutectcd  in  pttrulh'!  It  (liar 
rmiluai  iiuiui  tum  c  is  ,1  htnn  calctialJe  tltt  equivalent  mdm  ntih  t'  »/  the  cvmlnmttion  iffH  mutual 
mdiituituc  tixxisti  th*  lelf-uulm  Utnee  \H>  mutual  uuiiuiwc*  oppo\e%  tht  \ttt  uuhiLiance 

LJU-W2        4x6-3'  [5 

Solution.  (0  /.  =  «  4  +  6_2x3=T  *  375 

t+U-M2      24-9  15 
«  "  +  W  "  IT  "  16  -  *•»  H 

Tutorial  Problems  No.  72 

1 .  Two  coil*  are  wound  cl«c  wgeiber  on  the  same  pawlin  tube.  Current  is  passed  ihrough  roe  fliw  coil 
and  is  vancd  at  a  uniform  rate  of  500  mA  per  second,  inducing  an  c.m.f.  of  0.1  V  in  (he  second  coil, 
The  seeoml  coil  hns  lOfl  lums  Calculate  ihr  number  of  lams  in  the  firM  coil  il  Us  inducLmci:  is  0.4  II 

1 21*0  turns  I 

t>  Two  coals  have  30  and  500  tarns  respectively  air  wound  side  by  side  on  a  closed  iron  circai  t  of  set-linn 
50  cm"  and  mean  length  120  cm.  Estimate  itic  mutual  inductance  between  the  loiN  :1  the  peiiniubil 
ityof  ironis  1000.  Also,  find  the  self-inductance  of  each  coil  If  the  current  in  one  coil  grows  steaJik 
from  /civ  lo  5 A  in  0.01  second,  find  the  c.m.f  induced  m  the  other  coil. 

(M  =  11.131  H.  1. 1  =  0,01.11.  H.  I  ,  =  1.21  II.  I  =  b>4  \  | 

.1,  An  irnn-coTed  choke  is  designed  to  have  an  inductance  of  20  H  when  operating  at  a  Ha*  density  of 
I  WWm1.  the  coneaptnding  relative  permeability  of  iron  cow  is  4(100,  Determine  the  number  of 
turns  tn  ihe  winding,  given  that  the  magnetic  flux  ruth  has  a  mean  length  of  22  cm  in  the  iron  core  and 
"1  I  mm  in  air-gap  that  its  cross-section  is  10  cm  .  Neglect  leakage  and  fringing.  |4HMi| 

4    A  non-meganeuc  ring  having  a  rtieaji  diameter  of  W  cm  anil  a  crms-secuonal  area  of  4  cm3  is  uni- 
formly wound  with  two  coils  A  and  B.  one  over  the  other.  A  hai  90  mm*  and  0  has  240  turns. 
Calculate  from  lirsi  principles  the  mutual  inductance  between  the  coils. 
Also,  calculate  the  e.m_f.  induced  in  B  when  a  current  of  6  A  in  A  is  reversed  tn  0.02  second. 

[II.52  0.H,  "'-''I-  ni\  I 

5.  Two  coils  A  and  B,  of  600  and  100  turns  respectively  arc  wound  uniform!}  around  a  wooden  nng 
having  a  mean  circumference  of  30  cm.  The  cross- sectional  area  of  the  ring  is  4  cm'  Calculate  to > 
the  mutual  inductance  of  the  cads  and  lb)  the  e.rn_f .  induced  in  coil  8  when  a  current  of  2  A  in  coil  A 
is  leveled  in  0.01  second  |tol  \WiS  uM  tb  >  40.2  m\  j 

A.  A  ccnJ  consists  of  1 .000  turns  of  wire  unifonuly  wound  on  a  non-magnetic  ring  of  mean  diameter  40 
cm  and  cross-sectional  area  20  cm\ 

Calculate  (£j>  the  inductance  of  ihe  coil  tb)  ihe  energy  stored  in  the  magnetic  field  when  the  coil  is 
carrying  a  current  of  1 5  A  (r.l  the  c.m.f  induced  in  the  coil  if  this  current  is  completely  interrupted  in 
0.01  socood-  lit  I  2mH  <0i  u.225  Joule  te>  J¥] 

7.  A  coil  of  50  turns  having  a  mean  diameter  of  3  em  is  placed  co-axially  at  the  centre  of  a  solenoid  60 
cm  long,  wound  with  2.500  turns  and  carrying  a  current  of  2  A  Determine  mutual  inductance  of  the 
arrangement.  |u.l85mll| 

H.  A  coil  having  a  resistance  of  2  £1  and  an  inductance  of  0.5  H  has  a  current  passed  through  it  which 
vanes  in  the  following  manner ;  (a)  a  uniform  change  from  itero  to  SO  A  in  I  second  (b\ constant  at  50 
A  fur  I  second  let  a  uniform  change  from  50  A  to  Bern  in  2  teconds.  Plot  ihe  current  graph  to  a  time 
base  Tabulate  ihe  p.d  applied  to  the  coil  during  each  of  the  above  periods  and  plot  the  graph  of  p.d. 
to  a  time  base.  1(a)  25  to  11$  V  i*l  100  V  lei  87.5  V  to-  12.5  V| 
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9.  A  primary  coil  having  an  i  nductatlee  of  1 00  pH  is  connected 
in  series  with  a  wcondary  coil  of  240  uH  and  ihc  lolul  in- 
ductance of  the  combination  is  measured  an  I  46  (itL  Deter- 
mine' the  coefficient  of  coupling, 
lit.  Find  the  total  inductance  measured  from  A-B  terminals,  in 
Fig.  7.!9.[«.6%1  {Circuil  Theory,  Jodavpur  Univ.  19H7) 
|  Hint  :  L  =  100  +  50  -  (2  x  60)  =  30  uli,  due  lo  opposite 
senses  of  currents  with  respect  to  dot-nuirkings.,] 


50  pi 
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OBJECTIVE  TESTS -7 


I.  With  the  switch  S  open  in  Fig.  7:20  ju  die 
magnet  is  moved  to  and  fro 


Ff|5-  7,211 

(a)  current  reverses  through  the  galvanom- 
eter 

iM  energy  is  needed  to  mvoe  the  magnet 
loward  or  away  from  the  coil 

(V)  inagiiei  h  repelled  as  it  approaches  the 
coil 

(d)  galvanometer  needle  does  not  move. 
2.  According  to  Faraday 's  I  j  ws  or  Electromag- 
netic Induction,  an  emi.f.  is  induced  in  a  con- 
ductor  whenever  it 

(a)  lies  in  a  magnetic  field 

(b)  cuts  magnetic  flux 

(c)  moves  parallel  to  the  direction  of  the 
magnetic  field 

(Jl   lies  perpendicular  to  ihc  magnetic  flux. 
J.  The  magnitude  of  the  induced  ejn.f  in  a  con- 
ductor depends  on  the 
rial1  amount  of  flux  cut 
I'M  amount  of  flux  linkages 
It)    rule  of  change  of  flux- linkages 

(d)  flux  density  of  the  magnetic  field 

4.  The  direction  of  induced  e.  m .  f .  can  be  found 
with  !he  help  of 
W  Lenz's  law 
(b'l   Fleming's  right-hand  rule 
(c)   KirehhofTs  voltage  law 
Uh   Ijplace's  law. 


?.  ff  a  current  of  5A  flowing  in  a  coil  of  jnduc- 
[ance  0. 1  H  is  reversed  in  It)  mi,  e.tu.f,  in- 
duced iu  it  Is  volu 

ifll    100  (b)  50 

(c)  I  id)  L0.000 

ft.  Higher  the  telf-mduceiuncc  of  a  coil, 
(a)   lower  trie  e.ni.f.  induced  in  it 

ib)  longer  the  delay  in  es.tahiijdtiiig  steady 
current  through  it 

(f  )   greater  the  flux  produced  by  u 
id)   lesser  its  webcr-turns 
7.   Mutual  iTnluinaew  hciwecn  two  magncli- 
L-ully-ctnjpled  coils  depends  on 
(a)  the  number  of  (heir  turns 
ib)  penneability  of  the  core 
If)  cross-sectional  area  of  their  eommim 
core 

[d)  all  of  the  above 

K.  Roth  the  number  of  turns  and  the  core  length 
■  if  an  inductive  coil  are  doubled.  Its  self 
inductance  will  be 
la)  doubled  (b)  quadrupled 

<l!   halved  (d}  unaffected 

*>.  Two  coils  having  self  inductance  ui  fl.ft  H 
and  0.4  H  and  a  mutual  inductance  of  0.2  H 
arc  connected  in  series.  What  is  (heir  com- 
bined self-inductance  ? 

la)    1.4  H  (h)  0.6  H 

[Cg    1.3  H  id)  either  ia)  or  (b) 

10.  Two  similar  coils  have  a  coupling  coefficient 
of  0.25  and  a  mutual  inductance  of  0.9  hi. 

The  sclf-uiductance  of  each  coil  is  

henry. 

(n)  0.4  (b)  0.6 

(fj  0.2  fd)  0J6 
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MAGNETIC  HYSTERESIS 


8,1.    Miimulk  Hysteresis 

h  may  be  defined  as  the  lagging  of  magnetisation  or  mdueuon  flux  density  iB)  behind  the 
magnetising  force  <//).  Alternatively,  it  may  be  defined  as  that  quality  of  a  magnetic  subslance,  due 
to  which  energy  is  dissipated  in  iu  on  the  re  versa)  of  its  magnetism. 

Let  111  take  an  un  magnetised  bar  oi  iron  AB  and  magnetise  il  by  placing  it  within  the  field  of  a 
solenoid  (Fig.  8. 1  j.  The  field  H  fs  Nilti  produced  by  the  solenoid  is  called  the  magnetising  force. 
The  value  of  H  can  be  increased  or  decreased  by  increasing  or  decreasing  current  through  the  coil. 
Let  H  be  increased  in  steps  from  zero  up  to  a  certain  maximum  value  and  the  corresponding  values 
of  flux  density  {B)  be  noted-  If  ws  plot  the  relation  between  H  and  B,  a  curve  like  OA,  as  shown  in 
l-'ig.  8.2,  is  obtained.  The  material  becomes  magnetically  saturated  for  H  =  OM  and  has  ol  that  lime 
u  maximum  flux  density  of  B^  established  through  il. 


Fis.H.1  Hg.  H.2 


I  i  //  is  now  decieused  gradually  (by  decreasing  solenoid  current),  flux  density  B  will  not  decrease 
ahui^i  AO.  as  might  be  expected,  bui  will  decrease  less  rapidly  along  AC-  When  H  is  zero,  B  is  not 
but  has  a  definite  vaiim  Bt  -  QC  It  means  thai  on  removing  the  magnetising  furce  N,  the  iron  bar  is 
r i  >t  completely  demagnetised  This  \  alue  of  B  (=  OC)  measures  the  relentivity  t/r  remonence  of  the 
nuKen.d  and  ik  culled  the  remanent  or  residual  flux  density  Bf. 

To  demagnetise  Hie  iron  baj,  wl  have  to  apply  the  magnetising  foree  in  the  reverse  direction. 
When  //  is  reversed  (by  reversing  current  thmugh  the  solenoid),  then  if  is  reduced  to  zero  al  point  fJ 
where  //  s  OD.  This  value  of  H  required  to  wipe  off  residual  magnetism  is  known  as  .wn  lor,  c 
(Ht)  and  is  a  measure  of  ihe  coirnvity  of  Ibe  materia}  it.  its  'tenacity'  with  which  it  holds  on  to  its 
magnetism 

It.  alter  the  magnetisation  has  been  reduced  to  7ero.  value  of  //  is  funher  increased  in  the  nega- 

JON 


.Wttgnctir  Hysteresis 
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live1  i.e.  reversed  direction,  the  imn  bar  again  reaches  a  state  ol  magnetic  saturation,  represented  by 
point  L  By  taking  H  back  from  Its  value  corresponding  to  negative  saturation,  OL)  to  its  value  for 
positive  saturation  (=  OM),  a  similar  curve  EFGA  is  obtained.  I  J'  we  again  start  from  G,  we  same 
curve  GACDEFG  is  obtained  once  again.* 

It  is,  seen  that  B  always  lage  behind  H  The  ewe  never  attain  zero  value  simultaneously.  This 
lagging  of  B  behind  H  is  given  the  name  hystereis*  which  literally  means  lto  lag  behinff.  The 
closed  loop  ACDEFGA  which  is  obtained  when  iron  bar  is  taken  through  one  complete  cycle  of 
magnetisation  is  known  as  'hypothesis  loop'. 

By  one  cycle  of  magnetisation  of  a  magnetic  material  is  meant  its  being  carried  through  one 
reversal  of  magnetisation,  as  shown  in  Fig,  ft.3, 

VNMAG-  UN  MAG-  UNMAG- 

NETfSED    S         N   NETISED    N         5    \LTlStD    S  N 


«  ONE  CYCLE  - 

Fig.  8  J 

ILZ.    Ami  <>r  HyMcrcttls  Loop 

Just  as  the  area  of  an  indicator  diagram  measures  the  energy  made  available  in  a  machine,  when 
taken  through  one  fycte  i.»f  uperaliun.  so  also  the  area  oT  «he  hysteresis  loop  represents  the  net  energy 
spent  in  taking  the  iron  bar  through  one  cycle  of  magnetisation. 

According  to  Weber's  Molecular  Theory  of  magoet  ism,  when  a  magnetic  materia!  is  magnetised, 
its  molecules  are  forced  along  a  straight  line.  So,  energy  is  spent  in  this  process.  Now,  if  iron  has  no 
retenltvity,  then  energy  spent  in  straigthemng  the  molecules  could  be  recovered  by  reducing  if  to 
zero  in  the  same  way  as  the  energy  stored  up  in  a  spring  can  be  recovered  by  allowing  the  spring  to 
release  its  energy  by  driving  some  kind  of  load.  Hence,  in  the  case  of  magnetisation  of  a  material  of 
High  relativity,  all  the  energy  put  into  it  originally  for  straightening  the  molecules  is  not  recovered 
when  H  is  reduced  to  zero-  We  will  now  proceed  to  find  this  loss  of  energy  per  cycle  of  magnetisation. 

Let  /  =  mean  length  of  tile  iron  bar ;  A  =  its  area  of  cross-section;  fV  -  No.  of  turns  of  wire  of  the 
solcnoid. 

If  B  Ls  the  flux  density  ul  any  instant,  then  4>  =  BA. 

When  current  through  the  solenoid  changes,  then  flux  also  changes  and  so  produces  an  induced 
e.m.f.  whose  value  is 

<   =    V  ;/f  volt  =  N  --  \BA\  =  NA  42  volt  (neglecting  -ve  sign  t 

dt  dt  dt 

Now  H  =  B-    or    f=  % 

The  power  or  rate  of  expenditure  of  energy  in  maintaining  the  current  T  against  induced  c.tn,f. 

Vis  =  ^/watl=  —        —  =  AlH^B-  watt 

N         dt  dt 

Energy  spent  in  time        dt'  =  AlJI  ^xdi  =  AlH.dB  joule 

Total  net  work  done  for  one  cycle  of  magnetisation  'm  W  =  at  <^  H  dB  joule 

when:  ■$  stands  for  integration  over  the  whole  cycle.  Now,  H  dB'  represents  the  shaded  area  m  Hg 
8.2.  Hence,  §HdB  =  area  of  the  loop  i.e.  the  area  between  the  B)H  curve  and  the  fl-axis 

*  In  tiM.t,  when  H  is  v lined  j  iiutnlwr  ul"  limes  between  lined  positive  ai>d  negative  maxima,  the  M/c  of  ihc  kwp 
becomes  smaller  and  smaller  riTI  ihc  material  \\  cyclically  magnetised  A  itwierial  h  s.wl  In  be  cvclkally 
magnetised  when  ten  eadi  increasing <  or  decreasing  t  value  of  H.  H  has  the  same  value  in  successive  cycles. 
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work  dome/cycle  =  A|  x  (area  (if  the  loop)  joule.  Kow  .4/  =  volume  ol  the  materia! 
net  worit  donc/eyele/m'*  -  (loop  area)  joule,  or  Wh~  I  Area  of  S/tf  loop)  joule  m  /cycle 
Precaution 

Sra/f  of  8  and  W  \AiJ«W  be  taken  into  consideration  white  calculating  the  actual  loop  area.  For 
example.  if  the  scale?,  are.  I  cm  =  x  AT/m    -for  H  and     I  cm  =  y  Wh/nr    -for  B 
then  Wb  -  ry  (area  of  BJH  loop)  juule/m  /cycle 

In  ilit  above  expression,  loop  area  h;u>  to  be  in  cm  . 

As  Mien  from  above,  hysteresis  loop  measures  the  energy  dissipated  due  to  hysteresis  which 
appears  in  Hi  I'mm  -I  heat  and  so  raises  the  temperature  of  that  portion  of  the  magnetic  circuit  which 
is  subjected  to  magnetic  reversal  The  shape  of  the  hysteresis  loop  depends  on  the  nature  of  the 
magnetic  malerlal  (Fig.  B.4), 

Loop  I  is  for  hard  steel.  Due  to  its  high 
reienttvity  and  collectivity,  ii  is  well  suited  for 
making  permanent  magnets.  But  due  to  large 
hysteresis  loss  (as  shown  by  large  loop  area)  it 
is  not  suitable  for  rapid  reversals  of  magne- 
n  sat  ion.  Certain  alloys  of  aluminium,  nickel 
and  steel  called  Alnico  alloys  have  been  found 
extremely  suitable  for  making  permanent  mag- 

IlL'IS. 

Loop  1  Is  for  wrought  iron  and  cast  sleet, 
Ii  shows  tbai  these  materials  have  high  perme- 
dbliity  and  fairly  good  enereivily.  hence 
making  them  suitable  for  cores  of  electromag- 
nets, 

Loop  J  is  for  nl toyed  sheel  steel  and  it 
shows  high  permeability  and  low  hysteresis  loss.  Hence,  such  materials  are  most  suited  for  making 
armature  and  transformer  cores  which  are  subjected  to  rapid  reversals  of  magnetisation. 

8J.    Properties  and  Applications  of  I  Vrromaunclic  Materials 

Ferromagnetic  matenals  having  low  reientiviuca  art  widely  used  in  power  and  communication 
apparatus.  Since  silicon  iron  has  high  permeability  and  saturation  flux  density,  it  il  extensively  used 
in  die  magnetic  circuits  of  electrical  machines  and  heavy  currcni  apparatus  where  a  high  flux  density 
is  desirable  in  order  to  limit  the  cross-sectional  area  and,  therefore,  the  wcighl  and  cost.  Thin  sili- 
con-iron lamination^  (clamped  together  but  insulated  from  each  other  by  varnish,  paper  or  their  own 
surface  scale!  are  used  in  the  construction  of  transformer  and  araniaturc  cores  where  il  i1-  essential  to 
mimmi/e  hysteresis  ami  eddy-current  losses 

In  field  systems  (where  flux  remains  consLant.i.  a  little  residual  magnetism  is  desirable.  For  such 
systems,  high  permeability  and  high  saturation  flux  density  arc  the  only  important  requirements 
which  are  adequately  met  by  fabricated  rolled  steel  or  cast  or  forged  steel 

Frequencies  used  in  line  communication  extend  up  to  10  MHx  whereas  those  used  in  radio  vary 
Imm  aboul  1 00  kHz.  to  10  GHz.  Hence,  such  material  which  have  high  permeability  and  low  losses 
arc  ven  desirable.  For  ihese  applications,  mckcl-iron  alloys  containing  up  to  80  per  cent  of  nickel 
.aid  a  small  pcrcen.age  n|  molybder.um  or  copper,  cold  rolled  and  annealed  are  very  suitable. 

S.4.    l\ i  nuitiL-iil  Magnet  Materials 

Permanent  magnet*  find  wide  application  in  electrical  measuring  instruments,  magnetos,  mug- 
ueUt  chucks  and  moving-coil  loudspeakers  etc  In  permanent  magnets,  high  retcmivily  as  well  as 
high  cocreivily  are  most  desirable  in  order  to  resist  dc magnet rsation  In  facl,  ihe  product  H,Hr  is  thc 
best  criterion  (or  the  merit  of  a  perinitneni  magnet.  The  material  commonly  used  for  such  purposes 
arc  carbon-free  iron-mckcl-atumimimi  copper  cobaii  alloys  which  arc  made  anisotropic  by  heating 
to  a  very  high  temperature  and  then  cooling  m  a  strong  magnetic  feld.  This  alloy  possesses  Br  H, 
value  of  about  40.000  J/m1  us  compared  with  -L5U0  J/m3  lui  chromium- steel 


Mannrtie  Hysteresis- 

EvflJlipk  H.I.  Hie  liyslerr.sis  looji  of  ti  sample  Oj  slirei  ste,  i  \ubp  .  ft ,/ to  a  masimiim  iho.  :icn\il\ 
of  IJ  Wlt/m7  hrts  mt  area  4f9B  an.  the  scales  being  I  cm  -  0.  I  Wb/m:  atut  I  em  -  M  AIAn 
l  alcnlate  the  Insrrresis  toss  in  watts  svhen  150(1  im  iif  the  same  material  is  subjected  to  an  aitcniat 
.(•';.•  litf.ir.  ,■;  '  ■  tti'ctu'  iviii  ' id:<  ><■•.•  >  !i  •  ■>!'<:■  II.. 

IKIectronuchanics,  Alluhuliad  Univ,  1992) 

Snlulkin,  Loss  =  xy  (area  of  liflt  loop)  J/m  /cycle 

=  0. 1  x  50  x  93  =  465  J/nt /cycle 
Volume  =  I5IXI  Ctti3  ±=  15  x  10  4  m1 ;  No.  of  revcrsaJs/seccind  =  65 
Wh  =  465  x  1 5  x  I  tf4  x  65  J/s  »  45.3  W 
NW*.  The  given  value  of       =  1.3  Wb/m;  is  rtoi  required  tor  solution. 

Kxiimpk'  8.2.  Calculate  file  hourly  loss  of  energy  In  kWh  in  a  spct  imen  of  iron.  On  hysteresis 
iottp  oj  which  u  eiptnalent  in  urea  to  250  J/m'.  Frequency  W  H:.  :  specific  xruvitv  of  iron  7.1  . 
wtislti  oj  .v|kiWn  10  kjt.  (Electrical  Ba&  Matcrtuls.  NiiRpur  tniv.  1991  I 

Solution.      Hysteresis  loss  -  250  Mmleyc le,  Mass  of  lion  =  I II  kg 
Volume  of  imn  specimen  -  ltV7.5x  10  m  -  IO~Y7.5  m 
No.  ui  cycle*,  of  icversdls/hi  =  60  x  50  =  3000 
.'.    loss/hour  -  250  X  (HT/73)  x  3000  =  1000  J  =  1000/36  x  irr  =  21 '&  X  W  kWh 
I-  simple  8.3.   /to  jjpiWWiWfa  /oflj'  /'""  a  certain  innym  fu  nuitenal  is  fhiwu  to  the  fijbttoify 
Miles    I  em  =  2(Hl  ATM  md  I  cm  m  o.l  Wirfm\  The  area  of  the  hff  h  **  «*.    3>"""»9f  thr 
.tensity  of  the  mute  mil  Hi  he  7.S  M  0  kgfm *  attentate  the  hysteresis  hm  In  wtUt/kx  at  50  H: 

(Elect  Circuits  &  Holds,  (iujarul  IMr.  1^*5  i 

Sululiiiii.       Hvsicrcsis  losi  =  jrv  (area  of  BfH  lotip)  J/m'/cyde 

Nuw.  I  cm  =  2pQ  AT/fh  .  I  cni  =  0,1  Wm 

*  =  200.  v  =  0. 1 .  urea  of  loop  a  48  crri 

loss  =  200  x  0  I  x  4S  =  960  J/m'Vcycles,  Dcnsliy  =7-8  x  ICr  ky/m* 

Volume  ut  I  kji  ol  iiuterial  =  miiss/dcJisily  =■  1/7.8  X  tv  0 

loss  =  960  x  1/7.8  x  10 1  JArycle  No.  of  revcrsaLs/second  =  50 

kiss  =  960  x  50  x  W~77.fi  m  b.lS  J/s  or  wan 

hysteresis  loss  p  6.15  wutt/kR- 

1-amiii|>U'  S,4.      .'.  ."mi.       <iv»/i-riv"»  /.««  mj  uii  )<■■<■         i..;  J:»n:  '■•  •'  ^        ■  •/ 

7.S  *  /<T  tif/mf  w/irn  r/if  area  of  lite  hysteresis  loop  i\  ISO  mi1.,  frequency  is  50  //:  aihl  settles  on  X 
unit  Y  axes  are  :  I  cm  =  JOAl/etti  timi  I  em  =  f'.-"1  H'Mh'  r<'>^<'t  lri  rh 

I  Elements  «f  Elect.  l<:nKR-l.  limigulon;  Univ.  IV87I 

Solution.       Hysteresis  loss  =  w  (area  ol  S//-/ loop)  J/m Vcycl; 

I  cm  =  30  AT/cm  =  3000  AT/m  ;  I  cm  =  0  2  Wb/m2 

t  =  30TX1,  v  =  0.2,  A=  150  cm2 

loss  ■  3000  x"  0  2  x  150  =  90,000  J/mVcycIc 

Volume  of  5tl  kg  of  inwi  =  m/p  =  50/7.K  x  I0"3  =6.4  x  10"  m3 

loss  -  90.000  x  6.4  x  10  1  x  50  -  2K.H00  J/s  ui  watf,  =  28.8  kW 

kxuinplt- 8.5.  />>«  tnmstontu-r  core  of  volume  tt.lfi  m  ,  f/V  toutl  uon  loss  was  found  to  be  2.170 
W  at  50  Hz  Vhe  livsieresi.s  loop  of  lite  core  nuitenal.  taken  to  the  same  maximum  fins,  datskf,  lull! 
an  area  of  f.O  em1  when  drawn  la  scales  oj  I  cm  =  0. 1  Wh/m2  and  I  em  =  25r;.4'//m.  Ctilculate  the 
lata!  iron  loss  m  the  transformer  care  if  it  is  enerflmt  to  the  same  maximum  flus  densirs  but  at  a 
(retfucmy  of  fit!  Hz 

Solution,  It  1  =  xv  x  (area  or  hysteresis  loop)  where  i  and  y  are  the  scale  f$dtat%. 

Wj  =  9  x  0. 1  x  250  =  225  J/mVcycle 

At  >ii  Ht 

Hystcrsis  loss  =  225  x  0. 16  x  50  =  1,800  W  ;  Eddy-current  loss  =  2,17(1  -  1800  =  371 1  ft 

\t  mm 

Hysteresis  loss  =  I81K)  x  «V50  =  2,160  W  ;  Eddy  currcni  loss  =  370  -  i'(MI/S0)~  =  533  V, 
Total  iron  loss  =  2. 160  +  533  =  2.<W  W 


J*1-  IHeetrical  Techntdttgy 

I  uinriwl  Problems  No.  8.1 

I .  Hie  area  lit'  a  hysteresis  loop  uf  a  material  Is  30  cm",  The  swales  of  the  coordinates  are  :  I  cm  -  04 
WWra* and  1  cm  -  400  AT/m.  Determine  the  hysteffidi power  loss  IT  lix  Uf1  m' of tins  material  is 
subjected  to  alternating  flux  density  at  50  Ht  1288  W  |  {Elect.  Engg,,  Aligarh  Urtiv  !9W\ 

1-    Calculate  the  loss  of  energy  caused  by  hysteresis  in  one  hour  in  50  kg  of  iron  when  subjected  la  cyclic 
magnetic  changes.  The  frequency  i*  25  Hz.  the  area  of  the  hysteresis  loop  represents  Mi  joules/in* 
and  the  density  of  iron  is  7800  kg/m'.1 138,2411]  (Principle*  nf  Elect.  Engg.  I,.  Jsidvapur  Univ.  1979) 
X    The  hysteresis  loop  of  a  specimen  weighing  12  kg  u  equivalent  to  300  joules/m3   Find  the  loss  of 
energy  per  hour  at  50  Hi  Density  of  iron  is  7500  kg/m" 

|Kfc,4(HI|  (ElrrtrotechitHS-  /.  Gatthalt  Univ.  198J) 
4      Hie  ate  a  of  i tie  h\Menrsis  loop  Tor  a  steel  specimen  is       cm"   ff  the  ordmmcs  arc  lo  the  scales  '  I 
tin  =.400  ATJin  and  I  cm  =  0.5  Wh/nT.  determine  the  power  loss  due  to  hysteresis  in  1, 200  cm 1  of  the 
>;tee|  ifit  is  magnetised  lrom  a  supply  having  .i  frtquency  of  50  H/  ]4fp.llH  W  | 

f.  Thy)  umtiiUire  of  a  4-pole  dc.  motor  1ms  a.  volume  of  0.01 2  m\  In  a  lest  on  the  steel  iron  used  in  die 
trtltnturc  carried  out  to  the  same  value  of  my  minium  Hux  density  as  exists  in  the  armature,  the  area  of 
the  hysteresis  loop  obtained  represented  it  loss  of  200  JVm5,  Determine  the  hysteresis  loss  in  watts 
when  the  armature  roiaiex  ai  a  speed  of  900  r.p.m.  [7,1  \Y  | 

h.     In  a  magnetisation  test  on  a  sample  of  iron,  the  following  values  were  obtained. 


H  lAT/iui 

L.'UK. 

2.U<X! 

3,01  Hi 

4.DO0 

4,500 

1.000       0  -UXXl 

S  fWh/nr. 

11 

n  i 

038 

0.7 

&73 

0.63      0.54  0.38 

0 

Draw  the  hysteresis  Iwip  and  find  Ihe  kws  in  watts  if  the  volume  ol  iron  is  (1. 1  m1  and  frequency  is 
50  Ht  |22k\V| 

8.?,    SieimiK'T?  U>  Meres  is  Law 

It  was  experimentally  found  by  S  Lei  rime  12  dun  hysteresis  loss  per  nv  per  cycle  of  magnetisation 

of  a  magnetic  me  Lena  I  depends  on  (f)  ihe  maximum  flux  density  established  in  it  £#.  B„wr  and  (fY)  Ihe 

magnetic  quality  of  die  material 

.'.    Hysteresis  loss  Jfj,  a        joule/mVcycle  =>  q  B^  jOule/mJ  cycle 
where  t\  is  a  constant  depending  on  the  nature  uf  the  magnetic  material  and  is  known  as  Stein  met? 
hysteresis  coefficient.  The  index  I  ,fj  is  empirical  and  holds  good  if  the  value  of  B^  lies  between  0. 1 
and  1 .2  Wb/m".  if  BjUai  is  either  lesser  dian  0. 1  Wti/m*  or  greater  than  1 .2  WbnT,  the  index  is  greater 
than  |.6. 

Wh  =  f¥  J/5  or  watt 

where  /  is  frequency  of  reversals  of  magnetisation  and  V  is  the  volume  of  die  magnetic  material. 

The  armatures  of  electric  motors  and  generators  and  tranformer  cores  etc.  which  are  subjected 
to  rapid  reversals  nf  magnetisation  should,  obviously,  be  made  of  substances  having,  low  hysteresis 
coefficient  in  order  to  reduce  the  hysteresis  loss. 

.  .  At  ' 

Kxunipfc  8,6.  .4  cylinder  uf  inm  of  \olunic  H  x  10     in  resolves  for  20  minutes  at  a  speed  of 
S.Q00  r.p.m  in  <t  two-pole  field  afflux  denxity  0.  H  Wb.m2.  ft' the  hysteresis  cttefficienl  af  iron  it  75.1.6 
if»de/m' ,  specific  hedj  nf  iron  is  0. 1 1,  ihe  toss  due  to  eddy  current  tx  equal  to  that  rfiti  io  hvstt'rcMs 
mi  '■>•;  oj  the  heat  produced  is  lost  by  radiation,  find  the  temperature  rise  of  iron.  Take  demits-  of 
■  •«■>•  "    ■  lEIect.  EnftineoriiiB-l,  Osmunia  [iiilv.  1 987 J 

SMllftHi  An  armature  revolving  in  a  multipolar  field  undergoes  one  magnetic  reversal  after 
passing  under  a  pair  of  poles.  In  other  words,  number  of  magnetic  reversals  in  the  same  its  the 
number  of  pair  of  pule*.  If  P  is  the  number  of  poles,  the  magnetic  reversals  in  one  revolution  are 
Pfl.  If  speed  of  armature  rotation  is  N  r.p.m.  then  number  of  revolutions/second  -  MGO. 

No.  of  reversals/second  =  reversals  in  one  revolutions  x  No.  of  revolutions/second 

P    W  PN 
=  ^r^<~-  ~  reversals/second 
2    fjO  120 

Here  jV  e  3,0()0  r.p.m  ;  P  =  1       f  =  3'°^X  2  =  50  reversals/second 

120 


Magnetic  Hysteresis  Ml* 
According  to  Steinmetz's  hysteresis  law,  W(i  =^0^  /  V  wall 

Not*  thai  /"here  stands  Tor  magnetic  reversals/second  and  not  tor  mechanical  frequency  of  arma- 
ture rnliiLion. 

WH  =  753.6  x  fO-Bj'-6  x  50  *  8  x  10  3  =  211  J/s 
L<>s*  in  20  minutes  =  21 J  x  1 ,200  -  253.2  x  1  £F  J 
Eddy  current  Joss  *  253.2  x  \(Y'  J:  Total  loss  =  5t)h.4  x  10J  J 

Heal  produced  m  506.4  x  1074200  =  J  20-57  kcal  l  Heat  utilized  a  120.57  x  0.75  -  90.43  ted 
Heal  absorbed  by  iron  =  (8  x  10  J  x  7.8  x  m  'l  x  0.1 1  t  fecal 
A    (8  x  10  3  x7  8  x  I  (f)  x  0.1 1  x  f  =  9043         / «  ULITC 

kiuniplt'  8.7.   Til?  area  nf  the  hysteresis!  Ump  obtained  with  a  certain  specimen  i'f  irtm  win 
cm'.   Tiie  coordinates  were  such  that  i  cm  -  t.00(t  AT/tn  and  I  cm  *  0.2  Wli/m'  Calculate 
i  rf  I  the  h\\terc\is  to\  I  per  m '  ptftytk  ami  \b)the  hysteresis  last  per  m 1  at  ufreanencv  nf50  Hz  it  ilie 
minimum  /iu>  demitv  m>c  I  5  W'lt/m  n  )  lalcitlate  the  hyMere.st.i  lo\.<,  per  in  pie  a  muumum  tin* 
densih  a.!  1,2  \\b/ni  ami  a  fu'tptvncy  of M)  Hz.  asstmiing  the  tins  to  he  proportional  W  H^r 

(K1«L  TechnnlflB),  Allahahiid  I'niv.  IWIi 

Solution.  W!t  -  xy  x  {area  of  Bffi  loop! 

(a)  =  1.000  x  0.2  x  9.3  =  I860  J/iiiWlc 

it>)     Wh  =  1.860  x  50  l/x!m=  93.000  VV/m' 

In  ib)  above.  93,000  ct  1.5 1  *  x  50  and  Wh  a  UjH  x  30 

3 .! 


93,000 


1.5 


ttl  =  93, 000  x  0.669  x  0.6=37.360 
50  * 


1  xmiipli'  8.8.  <.  alculate  the  ki\S  i>f  energy  earned  by  hysteresis  in  one  luntr  in  50  kg  of  iron  if 
ttir  peak  density  reached  if  1.3  Wb/m'  ami  the  frequency  Lx  25  Hz.  Assume  Steinmetz  coefficient  as 
f>2K  Mm'  and  density  o\  iron  as  7,ft  x  Ju'  ki^/m ' 

What  will  he  the  area  af'B/ft  cunt-  of  dm  spa  tmen  if  I  cm  =  !2-4AT/tn  mid  i  cm  -  t>  t  Wii/m'. 

(Meet.  Iiit}K. ;  rVfalWM  Univ.  1987) 

7.8x10' 


Sul  u  I  in  n..  WH    =  T\B^  /  V  wail :  volume  V  =  ^         ^  =6.41  x  10"  m 


Wh   =  628  x  I-31 6  x  25x6.41  *  10       152  J/S 
Loss  in  one  hour  =  153  x  3.600  =  55 1 .300  1  f 
Aii  per  Sleinmelr  law,  hysteresis  loss  -  Wm1x  J/m  /cycle 
Also,  hysteresis  loss  -  xy  (aia  of  B/H  loop) 
Equating  the  two.  we  get 

628  x  1.3' 6  -  12.5  n  0.1  x  loop  area 

loop  urea  =  628  x  t. 3 "7 1. 25  m  764.3  cm1 

Tutorial  Prohltiiiis  No.  8.2 

t.  In  a  towin  lransfanner.  ilie  hvstcresi*  loss  i"  ?*m  W  when  the  maxirumL  flu^  density  is  <V*>  wlVm' 
ami  the  Irequeney  5»  Hz.  What  woulit  be  the  hystert-iis  lov.  jf  tlic  niiixniium  flu*  dctt&iiy  wert 
mcrcawkJ  tu  1.1  WWnv1  and  the  frequency  reduced  lo  4tJ  Hi.  A^ume  the  hysteresis  k«fc  over  ihis 
range  i»  be  proportional  to  B]^  I W  w  I 

1  in  ti  traasfipriiiei.  live  hysteiesiN  loss  is  l«l  \s  when  trie  value  ol  =11  WIVm'  rind  when  hUpf'y 
trequent  v  it  (*)  Hi.  What  would  be  thf  km  when  the  value  ol  Bn;ll  ts  reduced  to  0.*"  Wli/rnJ  unJ  ihv 
supplv  frrqiitiity  is  itduted  lo  50  Hz  197  W|  [He,.:  Engg  11  Batigalnre  Una.  Jan  tWh 

S.6.    Liwrgy  Stored  in  a  MaRnc-tir  Fitld 

[ror  establishing  .i  magnetic  field,  energy  tnu>l  t»e  spent,  tltixiglt  no  energ>  is  required  lo  maintain 
it  Take  the  example  of  the  cud  ling  coils  (rf  ati  cleclavmagnei  Tnc  energy  supplied  la  it  is  spent  in 


■  H  Electrical  Tcchiinlugy 

two  ways  (/)  part  oi  it  goes  lo  meet  J2*  loss  anil  is  lost  once  for  all  (<■)  pan  of  ilH  goes  to  create  Dux 
arid  is  stored  in  the  magnetic  Id  as  potential  energy  dm  I  is  similar  to  tin*  potential  energy  of  a  raised 
weight.  When  a  weight  W  is  raised  through  a  height  of  h,  the  potential  energy  stored  in  it  is  W.. 
Ward  is  done  in  mixing  this  weight  but  unce  raised  to  n  certain  height,  no  further  expenditure  of 
energy  is  required  lo  maintain  it  al  that  position.  This  mechanical  potential  energy  can  be  recovered, 
so  can  be  the  electrical  energy  stored  in  the  magnetic  field 

When  current  through  an  inductive  eoil  is  gradually  changed  fmm  7£ro  lu  maximum  value  /, 
then  every  change  of  il  is  opposed  by  the  self-induced  e.m.f.  produced  due  la  this  change  Energy  is 
needed  to  overcome  this  opposition.  This  energy  is  stored  in  the  magnetic  field  of  the  toil  and  is, 
later  on,  recovered  when  that  Field  collapses.  The  value  or  this  strored  energy  may  be  ibund  in  the 
lollowing  two  ways  : 

in    Kirsi  Method.  Eel,  m  any  instant, 

i  -  instantaneous  value  of  current  ;  e  =  induced  e.m.f.  at  that  instant  m  Lcli/tlt 
"litem,  work  dniv  m  lime  tit  in  nveivommg  thin  opposition  is 

dW  =  eidl  =  L~xixdt  =  Li  di 
Total  work  done  in  establishing  the  maximum  iteady  current  of  /  is 

(*  dW   =   f  UJi^u'1  or  «/=-U/3 
Ja  Jrj  2 

This  work  is  stored  ns  the  energy  of  the  magnetic  field  .-.  E  =  —  L  /'  joules 

2 

u;i  Svv  I  McIIiikJ 

tf current  grows  uniformly  from  zero  value  to  its  maximum  steady  value  I,  then  average  current 
is  til.  If  L  is  the  inductance  of  the  circuit,  then  self-idcued  e.mT  is  e  -  Uft  where  V  is  the  time  fur 
the  current  change  from  zero  to  /. 

Average  power  absorbed  =  induced  e.m.f  x  average  current 

t    2  It 

'for; J  energ;,  absorbed   =  power  x  lime  =  ^  — x[  =  ■}-  L  r 

2    t  Z 

I  1 

energy  stored    E  =  \  Lt  joule 
It  may  be  noted  that  in  the  case  of  series-aiding  coils,  energy  stored  is 

-  2  2 

Similarly,  for  series-opposing  coils,  f  =  ^  £,  f1  +  ~  Lj  I2  -  M  I1 

Example  H/t.  tietnrfmur  .>j  ,i  muynnu-  circuit  i,\  known  n>  he  tif  AT/Wb  nn<t  < utu.itmn  mil 
has  2M  turns.  Current  m  rfw  < ■>  .  h.mwne  uiuwrnily  ::i  2WA/\.  (ahutitle  Uti  inductance  of  the 
oii  [h]  w/ftfjfr  induced  across  the  coti and  id  energy  Mured  in  the  coil  when  insiuntaneous  current 
.it  t  =  /  M  "ltd  ft  I  A.  Neglect  resistance  of  fix-  coil   (Elect.  Technology.  Unii.  of  Ittdcire,  l4JK7t 
Solution,  if*       /  =  /vVi'  =  200^  HI1  =  f|.j  H 
«»>      eL  —  L  dl/dt  =  0  4  x  200  =  HO  V 

W>       E=  -  i-  /:  =0.5x0.4x /z=  ojj 

Evarnplt  8J0.    Ur  mm  nVre  f/  2r7  em  mean  diameter  liuvmg  a  cross-section  of  l(M)  cm'  is 
•    ■       turn*  n]  wire.  Calculate  tin  r.irm/re  current  required  to  establish  a  flux  density  of 
I  ssl*  m  i/  liu-  rclrittvc  permrahiltt)  oj  iron  tv  ItXMI   What  is  the  value  of  energy  stored  7 

(Elect.  Engg-I.  Nagpur  Univ.  I'fm 


\Iagnctu-  Itystemii 
S-itluliait. 

■ 

Now. 


JM)5 

B  =         Nl/i  WWm' 

I   =  4k  x  10" 7  k  1000  x  400  //0.2n  or  t  m  |.25  \ 

L  =  u^AVVf^itx  JO7*  KfxdODx  10   l*  (400(2/D.2ji  =  32J1 

E  =  ^  L/3  =  ^x  3-2x1, 2J1  =2.5  J 


K.7.    Kate  of  Change  of  Stored  Rnerjg 

As  seen  from  Art  8.6.  E  -  ^  L  /'.  The  rate  of  change  of  energy  can  be  found  by  differentiating 
the  above  equation 


di 


dt    2  dt 


I  vample  8,1 1.  A  trim  Wig.  *5]  fati  a  evil  ol  !<«><<  turn\  and  ,in  ,uri>up  •>!  area  HI  >  in  ,nut 
lriii>tii  1.0  mm.  Caleuhtte  the  rah  t  if  t  han  w  t>t  \Utred  energy  in  the  air-nup  itf  the  relay  when 

(i>  annulare  t»  uutuimm  ill  t  i>  mm  fn<m  the  <T>rr  ami  nirrrnl  n  /r)  niA  hut  n  tui  rraxinit  tit  the 
rate  tij  2  S  AA. 

4  j'j  I  em  tent  iJi  caiutant  nt  20  niA  hut  uuiuttmi-e  i\  t-/ranv'"£  ut  the  rutr  <<f  l<V)  H/t 

L 


Solution.  L 


=  1.26  H 


Ftp. 


1x10 

(r>  Here,  dl/dt  -  25  .Vs.  dl/dt  -  0  because  armature  is 
rturiffMry. 

A    ^*Xl^*U6xl0xt0_ix  15  =  |).3I5  \\ 
dt  dt 

I  o )  Here,  JLM  =  100  H/s;  rf//oV  =  0  because  cunenl  is  constant. 

.-.    ^  =  |/3  %  =-'  (20x10"  Vx  100  =0.OJ  W 
tfr    2     A  2 

S  S,    I  niTK>  Sinntl  t'l  t  I  nil  \  nlumi 

tt  has  already  been  shown  that  the  energy  stored  in  a  magneiic  field  of  length  /  metre  and  ol 

/ 


2  *  I  I 

cross-section  Am  is  E  =  ~Ll*  joule  or  £  =  -  x- 


,  /*  joule 


Now  H  " 


Ni»vk  A/  -  volume  ol  the  magnetic  field  in  m 

energy  storcd/m'  -  \  \lJlrH~  -  \  BH  joule 

s1 


in 


joule 


joule 


-  in  .1  mediurn 
-  m  air 


K.°.    I  idling  Power  ol  a  Magnet 

In  Fig.  H.ft  let.  /*  =  pulling  force  in  newtons  hciwcen  two  poles  and  A  -  pole  area  in  m' 

LI  one  of  the  poles  (say,  upper  one)  is  pulled  apart  against  this    tractive  lortv  through  a  distance 

of  dt  metres,  then  work  done  =  P  *  tlx  joule  ...(0 


3l)f>  Fleetrital  Technology 

"llus  wurk  goes  to  provide  encrg\  lor  the  additional  volume  of  (he  magnetic  field  SO  created 
Additional  volume  of  the  magnetic  field  created  is 

=  A  x  tlx  m V 


H 


a  s 

Rale  of  energy  requiremem  is  *  - —  joule/m 

-  M-n 

energy  required  lor  the  new  volume 
Equaling  {s  \  and  (;;>,  we  get. 

F'.Jt  =       *  Ajfc 


x  .4  (/l 


.uij 


Also 


2m. 

=  4.00,000  —  N 


P  - 


B  2  A  i- 
—  kg-wt 

19.62^ 


Fig.  S.h 


_  B*A  

Fxiutmk  K.I  2.  I  faw  <fcn  ffjaj^rtrr  u  formed  put  of  a  hit  oj  wrought  mw  45,7  em  fttffJC 
luivirifi  a  wru-mtion  t>fA.45  i.tn1.  <,ri#r.«  <  rr,7,t  f»/  WW  Ainu  are  /'.'..■<  >  •  •■  h  h\uh  tma 
nerted  in  series.  Find  the  exi'itm/i  current  tierrs-- 
«rn  /f r  the  magnet  to  lift  a  toad  of  ftS  kg  assuming 
that  the  load  hits  ne^ligthie  reluctance  anil  makes 
i  ■lost-  eimutft  with  the  moftnet  Hefunvv  iwrmeubtl- 
it\  of  iron  n  71)0. 

(Elect.  Engg.  A.M-Ae.  S.U  June,  IW2> 

Sulutiiin.  Horse-shoe  magnet  is  shown  in  Fig.  I 
8.7.  | 

Force  of  attraction  o(  each  pole  -  6K/2  =  34  kg  68  kg 

=  34  x  9,8 1  -  !*33-5  N  Fir.  8.7 


|  j 


!  I  = 
-  I   I  = 

!   I  I 


±± 


A  =  6.45  cm2  =  6.45  x  10  4  m3 


Since 


and 


F  = 


BA 
2HfJ 


N 


333.5  = 


fl^x  6.45x10 


2x4nxl0~ 


.-.  J?=VO  =  l,14  Wbk: 


x  700  ■  1 296  AT/ttt 
Length  of  the  pate  *  45.7  cm  =  0.457  in 
AT  required  m  1 246  x  0.457  =  592  .ft 
No.  of  turns  =  500  *  2  -=  \m:    :.    Lurreiil  required  =  592.6/1000  =  11.593  \ 

I  Viimplt'  K.  13,  Ihi  pi'tv  ftit  i  ,f/ci7  (Wi  rift  tn-illuvnef  t>  <>  >  ir,  ■■(>•>!,  If  llus  !<•  iitl  on  iron  myt'l 
mfighinjn  ttKXi  kg.  If  the  pole  fui  y\  are  \iaruilet  u  <  the  \tirfarr  of  the  ingot  ot  a  tltstance  n/  I  millimetre, 
determine  the  evil  m.mj,  required.  Awtoftr  permeability  of  iron  to  he  niiiitnv  ot  the  o<  rmeoiniity  of 
in,  \i>,i, ,  is  4x  x  10    ll/m.  (Elect.  Tcchnol«n>.  Liiiv.  of  hid  ore.  I985i 

^ntutinit.  Since  iron  lues  a  permeability  ot  infmiiy.  it  offers  zero  reluctance  to  the  magnetic  flux. 

Force  ul  two  poles  =  2  x  BTAfZ^  -  B~AJ\i^ 

:.    B1  x  0514  tlx  10"  7  =  1000 x  9.8.  B-0. 157  Wb/m: 


Magnate  tly\ierc\i\  307 

A    H  =  0J57/4K  x  10' 7  =  125  k  10"  AT/m,  /  =  2  x  1  =  2  mm  =  2  x  10 ' 3  in 
.-.    AT  required  =  125  x  10*  x  2  x  |fl~ 3  =250. 

I'xaiuplt-  8.14.  A  soft  iron  ring  having  a  mean  vircuintcnncc  <ii  40  i  m  and  crvs-s-sectriiMtul 
area  of  .*  i*J  has  r**>  radial  .win  <  uf j  made  at  diametrimUv  opposite  pointx.  A  bran  plate  (IS  mm 
tin,  k  n  m,\rn,:i  m  <•()■  h  gap  The  rinjt  h  wound  mth  -StK>  i«m,i,  (  'alculatf  tht  mtgttt'tu:  ieakaqe  tiiui 
fringing,  Aamuiu  du  htU-ntig  daui  h»r  utfi  invt  ' 

BiWbAn2)-  (>.  y>  I  (J  tJf  141  (S 

H\AT/m)  »  I  Mi  ISO  2tXt  >"'» 

(Elect.  Engineering-I.  Ik-llu  I  nix.  i'/idi 

Subitum*  H  should  be  noted"  ihat  brass  is  a  non-magnetic  matcrial- 

l-orcc  al  one  separation  -  B~ Afl^  ncwion. 

Force  at  both  separations  =  B2 AqAj,  oewton. 

Now  F  =  12  kg  wl  =  12  k  9.81  =  1 17.7  N 

.*.    1 17.7  =  B2  x  3  x  10 *  tO"7  :  B  =  0.7  Wb/m2 

Jf  flW  curve  is  drawn,  ii  will  be  found  that  for  B  =  0.7  Wh/nV.  value  of  W  =  45  AT/m 
Now.  length  of  iron  path  =  40  cm  =  0  A  m.  AT  required  for  iron  path  =  45  x  0.4  a  1 8 
Value  of  fi  in  the  non-magnetic  brass  plates  =  B/\^  =  0  7/4lt  x  10" '  =  5>7,(U2  ATym 
Total  thickness  of  brass  plates  =  0.5  x  2  =  1  mm 

AT  required  =  557,042  *  I  *  10"*=  557.  Total  AT  needed  =  IS  +  557  =  575 
magnetising  currcn!  required  =  557/800  =  11.72  V 

Kvumplt  8 J 5.  The  arm  of  a  t/.t.  thunt  motor  starter  h  held  in  the  'ON'  ftOAttion  in  on  eln  frt» 
magnet  lumng  a  ptdrfaer  area  i\(  4  rm'  and  no  %cip  aftt.rt  mm.  The  torque  exerted  by  ttte  spring  is 
12  \'-m  and  effective  radius  at  which  the  forte  is  everted  is  li  cm.  What  is  the  minimum  number  of 
AT  required  tit  keep  the  arm  in  the  'OS '  position  ' 

Solution.  The  arm  is  shown  in  Fig-  X.K 
Let  F  be  die  force  in  newtons  exerted  by  the  two  poles  of  the 
electromagnet. 

Torque  -   Force  x  radius 

12   =  Fx0A5:  f  =  80N 
=  80/:=40N 
B:A 


Force  per  pi  tie 
Now 


N  .:  40  = 


i  f  ,  4,  10"  ' 


TotaJ  air-gap 
ATreqd 


2x4nx|0" 
05  Wb/mJ  .-.  H  =  05/k  x  10" 7  AT/m 
2x(J.6x  I0"3  =  1.2x  I0"3m 


r 

'  cm 

Lf 


r  AIR  GAP 


0-5xl.2x|Q- 
4^x10  7 


=  477 


f%  8.8 


Example  M.16.  The  fultuwuie  iHinU-uuhtry  tin  loU-n  from  the  inu.ntif iu  <  imkI  «tu  rt  /<ji  Mean 
length  of  iivn  l  in  uir  m  20  t  m:  length  of  air  %ap  -  2  mm.  number  of  turns  on  t  ore  =  HOiHi.  current 
through  t  tiU  i  SO  mA.  relative  permeability  of  iron  m  5t)0.  Neglwting  leakage,  what  is  the  ffus 
denary  m  the  air-gap  ■  If  the  area  of  the  core  is  0,5  cm',  yrhal  is  the  pull  exerted  on  the  armature  ? 


Solulion.  Hux 
Now.  rn.m.1  - 


NI  =  H000  x  50  x  10"  1  =  40(J  AT 


.VI* 


Total  circuit  rclciiLmL'e 


- —  -  ATWb  or  /T1 

I  2 


Electrical  Technology 
2x10  " 


500x4** IO~7xQ.5  10  *    4**10" 7 x0.5x  10  * 


*  =  — ^ —  Wb  . Flux  dcnsitv  B-^= 


4(m 


12x10/* 
llie  pull  lkI  the  armature 

VulnHul  Problems  Nd.  *.2 

I. 


A     12  xlCVx  0.5x10 


T=0.21  WWm' 


2  x  4ir  x  1 0 


An  air-cored  wlennid  has  a  length  of  5(1  cm  and  a  diameter  of  2  cm  Calculate  it*  inductance  if  il  has 
I  ,000  rums  And  also  find  the  energy  stored  in  n  if  ihe  current  rise*  (mm  tact  to  5  A. 

|l).7  inH;  H.7  nUliE/m,  f},^.  CbvOTwir  Bungalorr  Vwv.  IWX\ 
An  air-cored  solenoid  I  m  in  length  unj  10  cm  rn  diameter  hi*  5000  lums.  Ctkuate  tf)  the  self 
inductance  iiii  the  energy  siuied  in  the  magnetic  field  when  u  current  of  2  A  flows  rn  the  tolcin'iiil 

Ill)  0.2468  H  lit)  0.4V36  J]  (r.£  Plate  f"ili  ,Vm  /"rtftl 
Determine  the  force  required  to  sepureate  two  tiiagactii.  surfaces  with  contact  aica  ui  I  DO  cm"  iJ  the 
magnetic  flux  dcnsitv  across  the  surface  is  0.1  Wh/nr.  Derive  formula  used,  if  any. 

|.WJ(  N|  (£Ject  Eftcg.  A.M^f  J-f  i«tr  ^Wfll 
In  it  telephone  receiver,  the  tt/c  of  each  ot  ihc  two  puks  ti  I  2  cm  *  0.2  cm  and  the  Oik  bcTween  each 
[Htlc  jnd  the  diaphrairm  iv  '  a  I II    Wb:  with  what  force  is  the  diaphragm  attracted  lo  the  poles  ? 

|0.125  NJ  (f/fc/,  Euj5f,  kMiAeSJ  Sunt-  fWh 
A  lining  magnet  is  required  to  raise  a  load  nf  1.000  kg  with  a  factor  of  safety  of  I  ..1  Ifthe  flux  density 
■eras  the  pole  facts  ft  DJt  Wb/rn"  calculate  it*  area  of  each  pole  I5rT  cm"  1 

•■.  Magnetic  material  having  a  surface  of  1 00  cm"  jut  in  contact  with  each  oihcr  They  *it  in  u  magnetic 
circuit  ol  flux.  0.01  Wb  uniformly  distributed  amiss  the  surface  Calculate  the  force  required  in 
detach  the  lwt>  surface*.  1 3,978  S]  tElcct.  Kngg.  Kerala  Univ.  fVZfi) 

7-  A  ilcci  unj!  having  a  mean  diameter  of  35  ein  and  a  cross- sectional  area  of  14  cm'  Ls  brolai  by  a 
parallel-sided  air-gap  of  length  I  2  cm.  Short  pole  pieces  of  negligible  reluctance  extend  the  effective 
cmss-seetnTi^l  iirci  of  ihc  air-o^r  t-..  12  cm"  Taking  the  relative  permeability  of  steel  as  700  and 
neglecting  leakage.  dcicrruiir  ut I  the  iiurcni  necessary  in  300  lums  nf  wire  would  on  the  ring  10 
produce  a  1lu*  dcnsitv  in  the  air-cap  of  0  25  WWm'  iii|  the  tractive  force  between  the  poln. 

|idl  13.16  A  ini  29J9  N| 

*.  A  casj  in*  ring  having  a  menu  circumference  of  40  cm  and  a  cross-sectional  area  of  3  cmJ  has  two 
ladial  law-cuts  at  diartictnualh  .iprstsiu-  point-  A  nnws  plalc  is  iiucflcd  in  each  gap  llhickncsi  0.5 
mml.  tt  the  ring  is  wound  with  HOCI  turns,  calculate  the  magnetising  current  in  exen  a  una!  pull  of  1 
kg  between  the  two  halves.  Neglect  urn  ma^iiL-tiL  leakage  ami  fringing  anil  assume  iJic  magnetic  data 
for  the  eon  iron  id  be  ! 

HfWhrinV  0J  QJ  0.4  US 

HlATi  :  S50  1 1 50  1500  2000  [1.04  \| 

9.  A  magnetic  circuit  in  the  form  cil  an  inverted  U  has  an  air-gjip  between  ctu-h  pule  and  the  armature  of 
0.05  cm.  The  Crws-sccUoo  of  the  magnetic  circuit  m  5  cm"  Neglecung  magnetic  leakage  and  tnng  - 
trig,  en un Irate  the  neccssar)  rtciting  ampcre-tums  in  order  that  the  armattuv  maj  e\cn  j  pull  nf  \f 
k.£  The  sunpere-iunis  for  ihc  iron  portion  of  Ihc  maitneue  ciructt  may  be  taken  us  20  percent  of  those 
required  ft*  the  dtmble  air-gap 


U-  5cm  *J 


T 


Ti 

20cm 

i 


!i 


$cm 


M 

7 

°  :c,n 

3cm  2 

IftCltl 

o 

□ 

i 

a 

D 

m 


lUcm 


I  iscm  dm 
4Zetti  di*j 


ItX-m 


Mtignvtiv  Hymen'sis 


III.  In  Hi",  H»  {ut  is  shown  the  overload  trip  (or  a  shunt  nmor  starter  The  force  required  to  lift  the 
armaiurr  is  equivalent  to  a  weight  or  W  -  O.KIhS  kg  positionncd  as  shown.  The  air-Baps  in  the 
magnetic  circuit  tire  Equivalent  to  a  single  gap  <if  D  ?  cm  The  cross-sectional  area  of  the  circuit  is  1 .5 
i:i n"  dinnighiHit  and  the  niagnetisaiicm  caive  is  as  follows 

H<AT/nii  ItKNi  2000  WHO  4000 

H  (Wh/nfl ;  (J.J  0-5  0.62  O  f* 

Cfckoafct  the  number  of  lunis  required  if  the  trip  is  lo  operate  whim  £0  A  passes  through  the  coll. 

|2I  Inmsl 

11.  The  armature  nf"a  d_c,  rrwitro  starter  is  held  in  the  'ON'  position  hy  means  tiT  an  electromagnet  fFig 
H.9 .  (fc)j.  A  Spiral  spring  exerts  a  mean  counter  torque  of  El  N-m  oti  the  Umiaiun:  in  this  position  after 
making  allowance  for  the  weight  of  ihe  starter  arm.  The  length  between  the  centre  of  the  armature 
in  id  the  pivut  on  ihe  starter  arms  is  2t)  cm  and  cross  sectional  area  of  each  pole  face  of  the  cleclromag. 
net  .1  5  crrf 

Hind  tlv  fUOtatD  number  of  AT  required  00  lite  electromagnet  to  keep  the  ami  tn  the  ON'  position 
when  the  tut -gap  between  the  armature  and  the  electromagnet  is  0.5  mm  iNeglcct  the  AT  needed  for 
the  iron  of  htc  electromagnet.!.  \M>\  AT| 

1--  A  cylindrical  lifting  magnet  of  the  form  shown  in  Fig,  B.9  ic)  hai  a  winding  of  200  turns  which  carries 
a  current  of  5  A  Calculate  the  maximum  lining  force  which  could  be  exerted  by  the  magnet  on  a  flat 
mm  sheet  5  cm  thick.  Why  would  dns  vnkic  nni  In-  realized  in  practice  7  The  relative  permeahi I ity  of 
the  imn  can  he  tjfcen  as  500-  (n<18  N  | 

H.Hi.  KiM-  of  ciiri  iiii  in  .in  Inriucliu'  Circuit 

In  Fig.  8. 1(1  is  iitown  u  resistance  ttf  R  in  serifs  with  a  coil  til"  sell -indue Lance  1.  henry,  die  two 
being  pill  across  a  battery  of  V  v«1l  The  K7,  combination  becomes  connected  lo  battery  when  swich 
S  is  connected  to  terminal  and  is  short-circuited  when  S  h  connected  la  'h' .  Tht  inductive  coil  is 
assumed  lo  be  resistance  less,  hi  actual  small  resistance  being  included  in  R 

When  S  is  connected  to  V  the  R-L  earn  hi  nation  is  suddenly  put  across  the  voltage  ol  V  volt.  Let 
us  (tike  ihe  instant  of  closing  5as  the  starting  zero  lime 
It  is  easily  explained  hy  recalling  that  the  coil 
possesses  electricitl  inertia  i.e.  self-inductance  and 
lience,  due  tu  ihe  production  of  the  counter  e.rnT.  of 
self- inductance,  delays  the  instantaneous  lull  establish 
menl  of  cutretit  through  it. 

We  will  now  invcrsiigule  the  growth  of  current  t 
dirough  such  an  inductive  circuit. 

The  applied  voltage  Virtual,  al  any  instant,  supply 
nm  only  ihe  ohmie  drop  iR  ovct  the  resistance  R  bul 
ntusi  also  overcome  the  t  mi  t  <>t  icll  inductance  i.f 


a 


t 

-rrr- 


..i  i 


I'V  fc.10 


V  =  V. 


..i 


iV-iR) 


dt 


=  iR  r 
*fi 


V  -iR 


<1L 
I 


Multiplying  bolh  sides  by  (-  R).  we  gel  (-  R) 


di 


(V  -iR) 


Integrating  both  sides,  we  gel  J|p~|F  =  \tit 


.     V  -  iH 

lug,. 


ft 


l  +  K 


,  .Ifil 


(V-iR)    J  L 
where  e  is  the  Napierian  logarithmic  base  =  2.7 18  and  A'  is  constant  ol  integration  whose  value  can 
he  found  from  ihe  Initio]  known  conditions. 

To  begin  with,  when  t  -  1),  i  -  I),  hence  pitting  these  values  in  («>  above,  we  get 

log  I  '    =  K 


J 10 
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Substituting  this  value  of  K  in  the  above  given  equation,  we  have 
log]:  ~ f"   -  * f  +  [0£  ot  loB?" * " 


togr 


=  -  -rt  =  -  v  where  UR  =  k  'time  consianf 


V 


=  f 


or  i  =  —  (I  -  <•  ) 

R 


U 


t'ltised 


1  Mill 


Now,  V/R  represents  1  he  minimum 
steady  value  or  current  /„  that  would  eventu- 
ally be  established  through  the  RL  circuit, 

i  =  tm  n  -  ...urn 

This  is  an  exponential  equation  whose 
graph  is  shown  in  F"ig.  Nil,  It  is  seen  from  it 
that  current  rise  is  rapid  fit  first  and  then 
decreases  until  at  i  -  «»,  il  becomes  ?em. 
Theoretically,  current  does  not  reach  its 
maximum  stady  value  !m  tinLii  infinite  time. 
However,  in  practice,  il  reaches  this  value  In 
j  relatively  short  lime  of  about  5k. 

The  rale  of  rise  of  current  ditdt  at  any 
c  in  be  found  by  differentiating  \  :.\  Ui) 
abuve  w.r.t,  time.  However,  the  initial  rate 
of  me  of  current  can  be  obtained  by  putting  t  =  0  and  f  =  (I  in  (0*  above. 

V  =  D**+Jt§  or  ^  =  Z 
dl       dl  L 

The  constant  X  =  UR  is  known  as  die  linte-cimstans  of  the  circuit.  It  cam  be  variously  defined 

as ; 

(r )  1 1  is  llie  titnr  during  which  current  would  have  reached  its  maximum  value  of  Im  {-  V/R)  had 
il  maintained  its  in  Hi  nl  rate  of  rise. 


Fig.  8.11 


Time  taken  = 


i.. 


V/R 
V/L 


L 
R 


initial  rate  of  rise 

Hut  actually  the  current  takes  more  time  because  its  rale  of  rise  decreases  gradually,  Iti  actual 
practice,  in  a  time  equal  to  the  time  constant,  il  merely  reaches  0.632  of  its  maximum  values  as 
shown  below  ; 

Putting  I  =  UR  =  k  in  Eq.  (ifif)  above,  we  gel 


(it)  Hence,  the  time-constant  k  ofaaR-L  circuit  may  also  be  defined  as  Ihe  time  during  which 
the  currenl  actually  rises  to  0.632  of  its  maximum  steady  value  {Pig.  8,1 1). 


Irutiul  value  *\\  tiiidt  can  also  be  found  by  difreiemutmy  Eq,  (xr'fi  and  putting  t  =  (»  m  it.  hi  fact,  the  thiee 
qatuUiirs  V  L  R  give  the  following  various  tuinhitiiiiiniii 
V/ft  -  !    ihu  maximum  final  steady  current. 
V/L  =  initial  ['JIl'  (if  rise  (if  cum:  lit. 
UR  =  time  constant  of  die  circuit. 

The  firs)  rtiic  o)  switching  b  dun  die  curreni  riovwnj;  through  an  inductance  cmmoi  etninge  instuntaneously. 
The  second  rale  ul  swin  ii.  ii'  r  itui  Hie  village  .il-io«  u  capacitor  cannui  .-lunge  tnNununentuljr 


Magnetic  Hysteresis 


311 


This  delayed  rise  ofcurrTeni  in  a"  inductive  circuit  is  Utilized  in  providing  Lime  lag  in  ihc  upcra- 
lion  of  electric  realys  and  trip  coils  etc. 

K.I  I.  Oui>  td  l  urrt'iil  in  an  ImliHliir  <  innii 

When  the  switch  $  (Fig-  8.10)  is  connected  to  point  kA\  the  R-L  circuii  is  short-circuited,  tl  is 
found  (hat  the  current  docs  jiot  cease  immediately,  as  it  would  do  in  a  non-inductive  circuit,  but 
continues  to  flow  and  is  reduced  to  zero  only  after  mi  appreciable  time  has.  elapsed  since  the  instant 
of  shurt-circniL 

The  equation  for  decay  of  current  witii  Lime  is  found  by  putting  V  =  0  in  £q,  (O  of  Art.  8.10 

R 


dt  I 


Jt 


Integrating  both  side^,  wc  have 


If-!/ 


r  =  0 


Nuw.  at  the  instant  of  switching  off  current,  i  -  !m  and  it  time  is  counted  from  tbi*  in&lanl.  then 


hgrim  =  0+A' 
Putting  the  value  of  K  in  Eq  {i)  above ,  we  get, 
t 


or 


log,/  =  - 

Jog,i//,^  - 
r 

Mi 


*  log,  /„ 


Swiich 


t 
X 


-  ilk 


Mi) 


1l  is  decaying  exponential  function  and  is  pbt- 
led  in  Fig.  8 A  2,  li  can  be  shown  again  that  theo- 
retically, current  should  take  infinite  time  lo  reach 
zero  value  a! though,  in  actual  praedce,  it  does  so 
in  a  relatively  short  time  of  about  5X, 

Again,  putting  t  =  X  in  Eq,  (ii)  above,  we  get 
L  L 


/  - 


2.178  =WT/- 


— -  TIME 


Hence,  time  constant  ft  I  of  an  fl-L  circuit  may 
also  he  defined  as  the  iimc  during  which  current 
falls  to  0.37  or  37%  of  its  maximum  steady  value  while  decaying  (Fig.  8.12)! 

Hxant|>ltr  8.17.  A  coll  having  an  effective  resiuinre  of  20  O  and  an  inductance  of  3  fit  ft 
<tufdcnl\  i  inxtwned  iirwu  a  .M'-V  /A-  supply.  Whm  if  the  rate  at  which  energy  is  stared  in  the  field 
aj  i/ic  ,  oil  when  current  f.v  (a)  0.5  A  [b  \  l.UA  and  U  )  '  Afsa  fnul  the  induced  EMF  in  the  ONI 

Snlutiun.  |a)  Power  input  =  50  x  0.5  =  25  W 

Power  wasted  as  beat  =  fVt  =  0.5 J  x  25  -  6.25  W.  Hence,  rate  af  energy  storage  in  the  coil  field 
is  25  -  6.25  =  18.75  Wor  1/s.  ib)  Power  input  =  50  x  1  =  50  w 

Power  lost  as  heal  =  1J  x  25  =  25  W.  .-.  Riite  of  energy  storage  in  field  =  50  -  25  =  25  W  at  Us. 
U  t  Steady  value  of  current  **  50/25  =  2  A.  Power  input  =  50  x  2  =  100  W 
Power  lust  as  heat  =  2"  x  25  =  100  W 

Rate  of  energy  storage  iu  filed  *  100  -  100  =  tl;  Now,  V  =  iR  +  e,  ~  V-  iR 

(a)  ^  =  50  -  0,5  *  25  ^37J5  V(frle;  =50-  I  x  25  *  25  V  <r)  e, =  50  -  2  x  25  =  0  V. 


M2 
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Example  H.IH.  A  cad  tuivmn  u  resistance  of  10  li mid  an  cuhicUitu  r  <>l  4  H  is  switched  m  fens 
a  20-Wdc  \»utcc.  Cuktttttrtng  !«  i  MM  rmniredby  the  rurrtstu  to  reach  50%  of  its  thud  sleuth  value 
and  il>)  value  of  the  i  at  rent  ufter  0.5  \ecotul 

Solution,  The  rise  of  current  through  an  inductive  circuit  is  given  by  the  equaiton  i  =  l{\ 
It  may  be  written  as 

I  -  i  I  -  i 

jih 


/ 


□r 


Taking  logs  of  both  sides,  we  have 
20/l()  =  2A 


R  " 


I  -i 


(<j!  N»w.i=V/R 


t  -- 


=  ±x  O.fW  =  15.2771  s. 
10 


{b)  \  =  UR  =  4/10  =  U-4  s  and  /  =  0.5  s 

i=2(l- 


120  V 


Example  H.IV.  WWi  referent  e  to  the  circuit  <,ham  in  Fig,  &/A  calculate 
(fl  f/fc  eMIWW  taii'Fi  frnw  x/k*  J  <   tr/ppd  <"  du  imi.mt  i>f  closing  the  snitch 
I  r  f  i  the  rate  of  increase  of  current  in  the  coil  at  the  instant  if 'swih  h 
UtO  the  sut>t*h  and  mi!  currents  <\fler  tile  switch  inn  been  dosed  for  a  hug  IMfe 
In  I  the  minimum  energy  stored  in  the  toil 
(v)  the  e.tri-l.  induce  J  in  die  evil  when  the  switch  Lx  opened. 

ffinfafltMIn  When  switch  S  is  closed  (F7ig-  K.I.I),  the  supply  tie.  voltage  nf  I  20  V  is  applied 
across  both  arms.  The  current  in  R2  will  immediately  become  I20/3U  =  4  A,  However,  due  to  high 
inductance  of  the  second  aim,  there  would  be  no  i  instantaneous  flow  of  current  in  iL  Hence  current 
taken  from  the  supply  at  the  instant  of  switching  on  will  be  4  A. 

(li)  Since  at  the  instant  of  switching  on,  there  is  no  current 
through  the  inductor  arm.  no  potential  drop  will  develop  across  R y- 
Thc  whole  of  die  supply  voltage  will  he  applied  acorss  the  inductor. 
11  tiildt  is  the  rate  of  increase  of  current  through  the  inductor  at  the 
instant  of  switching  on,  the  back  e.m.f,  produced  in  if  is  L  dddt. 
This  e.m.f,  is  equal  and  opposite  to  the  applied  voltage 

1 20  =  L  dddt   or     dddt  =  120/2  =  6(1  Ms 
[((()  When  switch  has  been  closed  for  a  sufficiently  long  time, 
current  through  the  inductor  arm  reaches  a  steady  value  =  12Q/R[  =  120/15  =  H  \ 

Current  through  R2  =  1 20/30  =  A  A  :  Supply  current  =  8  +  4  =  [  2  A 
(M  Maximum  energy  stored  in  the  inductor  arm 

=  \u2  =ix2x82=  M.I 

(vl  When  switch  is  opened,  current  through  the  inductor  arm  cannot  change  immediately  because 
of  high  self-inductance  of  the  inductor.  Hence,  inductance  current  remains  at  8  A.  But  the  current 
through  R2  can  change  immediately.  After  die  switch  is  opened,  the  inductor  current  path  lies  through 
/?,  and  ft*.  Hcjlce.  e.m,f.  inducted  in  the  inductor  at  the  instant  of  switching  off  is  =  K  x  (30  +  15)  = 
3*0  V. 

Example  8.20.  A  coil  ten  I  time  constant  aj  I  second  and  an  inductance  oj  *  H.  II  ilu  an!  n 
.  mini  i  n  d  ii>  n  I0()  V  d.i   \mii\e.  determine  . 

( i )  the  rate  o/'  Hsu  i>(  lumtnl  at  the  instant  pf  switching  1 8)  the  steady  vuhie  of  the  eurreni  *tud 
Hit)  the  time  taken  by  the  current  lit  PtmA  (5f>%  of  the  steady  \aiue  of  the  current. 

I  Ekctrotwhnfcs-1.  M.S.  llniv.  lianxtu  l*>S5t 


Fig.  S.I3 


II)  /w  -  V/R  =  ILXJ/K  =  12.5  A 


UuKtittii  Hysteresis,  J|J 

Sohtti+m.    J.  =  i/#  ;    =  /A  =  8/1  =  8  ohm 
tfj  Initial       tfi'Mf  -  WI=  100/8  =  12.5  A  (Si 
(ru)  Here,  i  =  &0%  of  12.5  =  7.5  A 

Now.  i  a  /m  (I  -  c^)    .-.    7.5  *  12.5  (1  -  e~*[ j ;    f  =  «-» 1 5  second 

I  MHnpk  8.  21.  /t  f/.t .  ttottaftf    '96  V  is  applied  ti>  a  an  nii  tmUtfUng  M  rc.dutttKf  of  WiJ  <fl 

wrfr.t       m  snduvsitiirt  nf  20  H.  Calculate  ihr  gnntth  of  currrnt  at  ihr  IftotyttM  f/J  o]  completing 

the  circuit  tut  when  the  rurrent  i&  0.5  A  Mo  00/  itdUm  fftr  current  U  /  A. 

(Circuit  Theory.  Jadavpur  Univ.  I'Wh 

Solution.  The  voltage  equation  for  an       circuit  is 

tfj 


y  _  tff  +  t  ^  or  £ -  v 
tfr  eft 


i/f  or 


(0  when 
(it  I  when 
Oh)  when 


n<  A  di     SO  -  0.5  x  80  ... 

i  =  0.5  A;— =         —  =  2A/s 

d!f  20 

<fl_80-HOx|  _ 

'  =  '  *  </f  ~       20       _  "■ 


In  other  words,  the  current  has  hocnine  steady  at  1  ampere. 

Kvani|ik'  H.22.  The  fico  i  tremts  of  Fix.  ft  14  have  the  nunc  time  constant  of  0.001  w?i  ami  With  tin: 
wmed.c  wdttigt:  applied  in  the  run  rnvtitrs,  it  r.v  found that  ilw  steady  suite  current"! ,  mint  la)  n  20tXi 
•MM  the  muuii .  nrrent  of  an  mi  tkH  Find  H,.  I.,  oarf  G        (Elect.  EngR.-*!.  Bombay  liniv.  IV85i 

Solution.  The  lime  constant  of  circuit  8.14  (a)  is  h  =  LiIRl  second,  and  that  of  circuit  8.14  tb) 
is  i  =  Of,  second. 

LifRi  -  0.005 
fx  2  x  I0'J  =  0.005,  C  =  0.0025  x  10"*  =  (UKI25  ul 


10  V 


"I 


Hg.  8.N 

Steady-state  current  of  circuit  8.14  (a)  is  =  VfRl  =  iCtf/f,  amperes. 
Initial  current  of  circuit  3.14  \b)  -  VJR2  a  10/2  x  10*  =  5  x  10  * A* 
Now  10/fl,  =  2000  X '5.x  I0"6 ..  tf,  =  1000  O. 

Also  Zy*,  =  0.005    ft    ^  =  1000  x  0.005  =  5  11 

E»iiiipk>  K.2.1.  \  ( tmstaid  volttttft  h  applied  to  a  fefiti  R  L  iliiuit  alt  -  0  By  <  0  IMdMA. 
n«'  iWtojfr  Oia:«i1  /i'2.f  V  tu  i  =  0  and  drop\  to  5  V at  i  -  0.015  second  ij'L-2H,  what  nmxt  lie 
iht-  vtdur  I  Elect.  Engy.- 1  Jtomha y  1 1  tiiv .  I'Wi 

Sulutiuii.  At  f  -  0.  (  m  0.  hence  there  is  no  jftdnap  und  the  applied  voltage  must  equal  the  hack 
e.ml.  in  the  coil.  Hence-,  the  voltage  across  L  at  /  =  0  represents  the  applied  voltage. 

•     Bccuinc  lost  u  tht?  ilmv  uf  "itrting  ihc  <.(jitctiL.  tht'rc  i*  mi  pi'U'.mi.il  di.«p  uLn^<.  *  mi  tlnii  ihc  uppiifJ  v<ilmpc 
is  dmpped  liLmsi.       Mi-nrc;.  ihc  iniiinl  k' hturjiiiiu  cuiTcnt  -  t'//f^ 


J 14  f  'lrrtrieal  Technology 

At  f  -  0.025  ascend,  voltage  across  I  is  5  V,  hence  voltage  across 

/f  =  25  -  5  =  20  V    a    U?  =  20  V  -  aw  =  0.025  second.  Now  f  =  /a  (/- ^"fAJ 

Hem  ^  ^  25/R  ampcac,  J  =  0.025  second    , .    i=  ^  fl  -  e'0^'  ^  t 

*  *  K  "  ~  *,HM115A>   =  20   or   emiSft-=  5         0.O25A  =  2,3  1og]fl  5  =  1.6077 
J.=  0,025/1,6077     Now    \  =  UR  =  21R    :.    2/R  =  0.025/ 1.6077         ff  -  128.56  £1 

h\ample  8.24.  .4  t  in  tut  of  resistance  ft  titans  and  inductance  L  henries  >u>  i  a  (UnM  Hpftwy*  'if 
2J0  V  applied  to  it  O.J  \ccond  \econd  nifer  smit  hing  on.  lite  current  m  lliv  virt wit  was  found  to  tie 
5  A.  After  the  current  hud  reached  us  final  steady  value,  tin  fin  mi  nw  suddenly  short-circuited, 
lite  current  mm  ugum  found  to  he  5  A  tit  0.J  second  second  after  \hort-circuitni.x:  the  cod.  find  the 
\utue  nl  R  tuid  I..  {Basic  Electricity .  Bombay  I  niv.  JWM| 

Solution.  For  growth  ;       5  =  !m  ( I  -  ^"fi  m|  ,..(0 

For  decay;  5  = 

Equating  the  two.  we  get,  l^e  » f  1  -  e  l/J1T 

ur  Jp"""1  =  I    .-.    f^s  0.5  or?.  =  0.4328 

Pulling  this  value  in  (ft,  we  get, 

5  «  t  *  e0:m*™    or    /  =  5  =  5  x  2  =  10  A. 

irh  m 

Now,  /m  -         .'.    10  =  230//?    or   /?=  230/10  =  23  ft  {approx.j 

As  \  ~  UR  =  0.4328  ;  L  -  0.4328  x  23  s  »Ji  1 1 

Fsampli'  8.25.  4  Mftfy  |fl  I  i  ■ resistant  c  of  20  il  and  tin  inductance  oftl  5  H.  It  is  energhed 
hv  u  direct  mkngr  pulse  which  rises  from  0-IO  V  instantaneously,  reiuunr-  i  oiwutiU  foi  'J  2.'  second 
and  then  falls  instantaneous/)  to  zero  If  the  relat  coiitiut-,  <  lose  nlteit  the  <  ux,  at  <■>  2'W  titA  ttn- 
creasmxr  and  open  when  it  ts  100  rnA  {tlet  teasinai.  find  the  total  time  during  winch  tin:  FOWWjCW  ore 
closed. 

Solution.  The  time  constant  of  the  relay  coil  is 

X  =  ijr  =  0,5/20  -  0  025  second 
Now,  the  voltage  pulse  remains  constant  at  10  V  for  0.25  second  which  is  long  enough  I'or  the 
relay  coil  current  to  reach  its  steady  value  of  V/R  =  10/20  =  0,5  A 

Let  us  now  find  the  value  of  time  required  by  the  relay  coil  current  to  reach  a  value  of  2-fKJ  raA 
=  02  A.  Now  (  =  /„,(!-  e'^)  . .    02  =  05  M  -  e"0025)  .-,    em  «?  5/3 

f  =  0.01276  second 

Hence,  relay  contacts  close  at  t  -  O.OI27ft  second  and  will  remain  closed  till  current  falls  to  100 
mA,  l-d  us  find  ihe  time  required  hy  the  current  to  fall  from  0.5  A  to  0. 1  A. 

At  the  end  of  the  voltage  pulse,  the  relay  currenl  decays  according  to  the  relaLion 
I  ^  /  e  A      0. 1  =  0_5  e  e  =5 

r  =  0.04025  second  afler  the  end  of  the  voltage  pulse. 
Hence,  the  Lime  for  which  contacts  remain  closed  is 

=  (0.25  -  0.01276)  +  0.04025  second  =277.5  milli  second  (approx) 

&.L2.  Details  of  Transient  (."nrrent  Rise  in  an  ll-l.  ("ireuh 

As  shown  in  Fig.  8.15  (a),  when  switch  S  is  shifted  to  position  a,  the  R-L  circuit  is  suddenly 
energised  by  V,  Since  a  coil  opposes  any  change  in  currenl,  the  initial  value  of  current  is  zero  at  I  =  0 
and  hut  then  it  rises  exponentially,  although  its  rale  of  rise  teeps  decreasing  After  some  lime,  il 
reaches  a  manimum  value  of  /  when  it  becomes  constant  i.e.  Its  rate  of  rise  becomes  zero.  Hence. 


Magnetic  Hysteresis 
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just  at  the  start  of  the  transient  smie,  i  m  0,  =  0  and  Vf  ^  V  with  its  polarity  opposite  in  thai  of 
battery  voltage  as  shown  in  Fig.  8.15  (a).  Both  /  and  Vg  rise  exponentially  during  the  transient  state, 
as  shown  in  Fig.  S.I 5  (h)  and  U1}  respectively.  However  V{  decreases  exponentially  to  zero  from  its 
initial  maximum  value  of  V  =  !m  R,  k  does  not  become  negati  ve  during  the  transient  rise  of  current 
through  the  circuit. 


•      s    i  iV- 


Fig.  |4f 

Henee.  during  the  transient  rise  of  current,  the  teJ lowing  equations  hold  good  : 

f  =  |  (I  -  *4  (t~**)t Vtl  -         =  tm  R  ( J  -  e~'\,  v,  =  ve"^ 

If  S  remains  at  'a*  long  enough,  i  reaches  a  steady  value  of  I  and  Vfl  equals  /  /?  but  since 
di!dt  =  Q,  vL  =  0. 

Example  8.26.  .4  voting  us  \tuwt\  in  Fig  fi  16  is  applied  in  uu  iiidtuitir  ttj  l>  2  li  iml  tit. 
eurrcnl  in  the  inductor  at  t  =  2  see. 


Fig.  8.1f> 

Solution.  L{di/dl}  ~  2  volts,  fori  between  0  and  1  sec,  and  corresponding  value  ofdiidi  -  2/02 
-  If)  amp/sec,  uniform  during  this  period. 
After  /  >  I  voltage  is  zero,  hence  tlitdt  s  0 
Current  variation  is  mailed  on  the  same  diagram. 

8.1J.  Details  «f  Trunsienl  Curmil  Dei-ay  in  an  H-l.  Circuit 

NowT  tel  Ui  consider  the  conditions  dunug  the  irtuuieni  decay  of  currrni  when  ,S  is  sin  fled  h» 
poinl  'b\  lost  at  the  start  nf  [he  decay  condition,  die  following  values  exist  in  the  circuit. 
i  -  lm  =  V/R,     -  ImR  -  V  md  since  initial  di/dl  is  maximum,  vt*-V  =  -  l/n  R. 


Fig.  H.I 7 

Hie  change  in  the  polarity  of  voltage  across  the  coil  in  Fig.  S.  1 7  (a)  is  worth  noting.  Due  to  its 
properly  of  isdf- induction,  the  coil  will  not  allow  the  circuit  current  to  die  immediately,  bul  only 
gradually.  In  fact,  by  reversing  l  he  sijin  ol"  its  voltage,  Uic  coil  tends  to  maintain  the  How  orcurrreni 
in  the  original  direction,  Hence,  as  the  decay  continues  /  decreases  exponentially  froni  its  maximum 
value  to  zero,  as  shown  in  Fig.  K-17  (6).  Similarly,  vk  decreases  exponentially  From  its  maximum 
value  to  zero,  as  shown  in  Fig.  B,  17  jr),  However,  yL  is  reversed  in  polarity  and  decreases  exponen- 
tially from  us  initial  value  of  -  V  to  zero  as  shown  in  Fig.  fU7  (d). 

During  the  ttinstcpl  decay  of  curreni  and  voltage,  ihe  following  relations  hold  good  ; 

-!fh 


58    <i  = 


V  -t<\ 


8.14.  Autuniuhik'  Igniliun  System 

Practical  application  nF  mu- 
tual induction  i*  found  in  the 
single-spark  petrol-engine  igui- 
lion  system  extensively  employed 
in  automobiles  and  air-engines. 
Fig.  H.I 8  shows  (he  circuii  dia- 
gram of  such  a  system  as  applied 
|0 ;« 4-eylinder  automobile  engine. 

it  has  a  spark  coil  (or  induc- 
tion coil)  which  consisis  uf  ;i  pri 
mary  winding  (of  a  few  iurn_yi  and 
a  secondary  winding  (of  u  large 
number  of  turns  t  wound  on  a  com- 


PRSMAkY 


BREAK  CONTACT 


TO  SPARK  PLl JOS 


Fig.  8.18 
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mon  Iron  core  dor  increasing  mutual  induction).  The  primary  circuit  (containing  battery  B]  includes 
a  'make  and  break  contact'  actuated  by  a  tinier  cam.  The  secondary  circuit  includes  the  rotating 
blade  of  the  distributor  and  the  spark  gap  in  the  spark  plug  as  shown  in  Fig.  8.17.  The  timer  cam  and 
the  distributor  are  mounted  nn  the  same  shaft  and  are  geared  to  rotate  at  exactly  half  the  speed  of  the 
engine  shaft.  It  means  dial  in  the  case  of  automobile  engines  (which  are  four-cycle  engines}  each 
cylinder  is  fired  only  once  for  every  two  revolutions  of  the  engine  shaft. 

Y\urkinu 

When  tinier  can!  mink;.,  it  alternately  clones  and  opens  the  primary  '.'.km;  DttrilQj  die  time 
primary  circuit  Is  closed,  current  through  it  rises  exponentially  after  die  manner  shown  in  Fig.  8.1 1 
and  so  does  the  magnetic  Held  of  the  primary  winding.  When  the  cam  suddenly  opens  die  primary 
circuit,  the  magnetic  field  collapses  rapidly  thereby  producing  a  very  large  e.m.f.  In  secondary  by 
mutual  induction  Dunng  the  lime  this  large  e  m.  f.  exisls,  die  distributor  hlade  rotates  and  connects 
the  secondary  winding  across  the  proper  plug  and  so  ibe  secondary  circuil  is  completed  except  lor 
ihc  spart  gap  in  the  spark  plug.  However,  the  induced  e.m.f.  is  large  enough  to  make  die  current 
jump  across  the  gap  thus  producing  a  spark  which  ignites  the  explosive  mixture  tn  the  engine  cylin- 
der. 

The  function  of  capacitor  C  connected  across  the  'intake  and  break'  contact  is  two-fold  : 
n't  to  in  tiki1  the  break  rapid  so  that  large  e.m.f.  is  induced  in  secondary  and 
lift  to  reduce  sparking  and  burning  at  the  'make-and-hreak'  contact  thereby  prolonging  their 

life. 

Tutorial  Prithleros  No.  H.3 

1 .  A  f elay  has  u  resistance  of  300  II  and  is  switched  onu>a  1 10  V  d.c.  supply .  !  f  [he  current  reaches  $S .  1 
ptr  eem  svi'Mx  final  steady  value  In  0.002  socimd,  determine 

,•   ihc  i  Mm -lotiMani  nf  ihc  circuil  \b)  the  induciancc  of  (he  circuil 

u-i   the  final  steady  value  of  the  circuit  id)  the  initial  rate  of  rise  of  current. 

Ittfl  0.IHU  second  \b)  11.6  H  1c)  0„lhn  \  u!\  1K3  A/siT..ini| 

2.  A  cm!  with  u  self-inductance  of  2A  li  and  resistance  12  II  is  suddenly  swiiche^  iickmis  a  130- V  etc. 
supply  of  negligible  internal  resistance  f>e<enmne  ihc  time  cutistunt  of  the  coil,  ilic  iustantiuicous  value 
of  the  current  after  0. 1  second,  the  final  steady  value  of  the  eurreni  and  [he  time  taken  f<>r  tile  eurreni  tn 
rach  5  A.  \tai  0.2  second;  3.44  \;  Mi  \:  »i  I !"  . , 

3.  A  eu-cun  whose  resistance  is  20  li  and  inductance  10  H  has  a  steady  voltage  of  100  V  suddenly 
ipplicjl  u>  a  S  sr  iIil"  instani  U  5  second  after  th<  voltage  is  applied,  dctcirurx  ><■'<  m'-J  m-w.-r 
input  to  the  circuil  <hi  the  power  dissipated  in  the  resistance.  Explain  the  reman  for  the  difference 
beiwecn  (ffj  and  \b).  \tn\  316  W  ibi  ItMl  U  | 

4.  A  lighting  circuit  is  operated  by  a  relay  of  which  the  coil  has  a  resistance  of  3  12  and  an  inductance  of 
0.3  H  The  relay  coil  is  supplied  from  a  6-V  d.c  source  riirough  a  push-button  switch  The  relay 
operates  when  the  current  in  ihc  relay  cotl  attain*  0,  value  of  500  mA.  Find  the  time  Interval  between 
the  pressing  of  the  push-button  and  the  closing  of  lighting  circuit.  |53,N  rmj 

$,  The  field  winding  of  a  separately -esc  ned  d.c.  generator  has  an  inductance  of  60  H  and  a  resistance  of 
.50  12.  A  discharge  resistance  of  ?tl  li  is  pcmunemly  connected  in  jiaiLillc)  with  the  wiiidms'  wlitcli  v, 
excited  liom  a  JO0-V  -iiippK  Find  the  value  nl  decay  current  (1.6  second  after  the  supply  Hun  hecn 
switched  off  1 3,0  K\ 

h.  The  field  winding  ot  u  dynamo  may  be  laken  Up  have  a  constant  inductance  of  1 20  H  mid  n  effective 
resistance  ol  Mi  It  When  ti  is  carrying  a  current  nf  5  A,  the  supply  is  inierreptcd  and  n  rcsisinncc  of 
50G  is  connected  aenws  the  winding  How  long  will  ii  lake  lor  the  current  to  fall  lo  1-0  1 2.4 15  <.| 

7.  A  20tf-V  d.c.  supply  in  •suddenly  switched  to  u  relay  cud  which  has  a  time  constant  of  3  mi  lb -second. 
II  ihc  curreni  in  ibe  cnil  reaches  0.2  A  after  3  milh-second,  determine  the  final  steady  value  nf  ihc 
current  muI  the  resittunee  of  the  coil.  |IUIh  A;  632  Sh  I  .Hw.  H  | 
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I    Permunenl  magnet*  ait  normally  made  of 
(a)  aluminium  (b)  wrought  iron 

1 1  i   cast  iron  (J)  olnico  alloys 

2.  Hum  mnynciii:  materials  are  besE  suited  for 
n i iking  armature  and  transformer  cores 
which  have — permeability  and-hysteresis 
loss 

[a]  low,  high  ib)  high,  low 

(c)  low,  low  (ffl  high,  high 

S.  Those  materials  are  well-suited  for  making 
permanent  magnets  which  have — retentivity 
and — coerclvily. 

(.sit  high,  high  (frt  high,  low 

ic)    low,  low  low,  high 

4-  In  a  magnetic  material,  hysteresis  lass  lakes 
place  primarily  due  to 
{a  ■■   1 1  is.  \  Jens  Ity  laggj  ng  behind  magnetising 
force 

ibt   moteclar  friction 

ic)  its  high  retentivity 

id)  rapid  reversals  of  its  magnetisation 
Energy  stored  by  a  coil  is  doubled  when  its 
current  Is  increased  by^-per  tent. 

id!   100  (b)  41.4 

(c)   50  (rf)  25 

h.  The  initial  rate  of  rise  of  current  through  a 
coil  of  L  =  5  H  when  suddenly  connected  to 
a  d.c  supply  i>f  100  V  is  ■ —  A/s. 


ini   5W  (b)  0.05 

fc)   20  id)  50 

7.  When  both  the  inductance  and  resistance  of 
a  coil  are  doubled,  the  value  of 

(<j|  final  steady  current  is  doubled 

[b)  inital  rate  of  rise  of  current  is  doubled 

(c)  time  constant  is  halved 

iil)  time  constant  remains  uncharged 

8,  The  rate  of  current  through  an  inductive  coil 
is  maximum 

{«)  after  one  time  constant 
ib)  al  the  start  of  current  flow 
ir  i    riKLii-  the  final  maximum  value  of  cur- 
reni 

Iff)  at  63,2  %  of  its  maximum  steady  value 
The  lifting  power  of  an  electromagnetic  de- 
pemtf  on 
{a)  its  pole  area 
{h\   magnetic  flux  density 
(ft   its  shape 
(t/>  both  in)  and  ibt 
10.  During  the  transient  rise  of  curreni  through 
an  R-L  circuit,  which  of  the  following  has 
maximum  inital  value  ? 
La's  circuit  current 

ib)  resistive  drop 

ic)  coil  energy 
ftfj  coil  voltage 


PHI    Pit  PL   ■>  T>   IS   =>  ■*■   "X   IT  PI 


9        ELECTROCHEMICAL  POWER  SOURCES 


Faraday's  Laws  <>f  KUcimhsis 

From  his  experiments.  Faraday  deduced  two  fundamental  laws  which  govern  ihe  phenomenon 
of  electrolysis.  These  are  : 

yi\  lir>i  \.nw .  The  muss,  of  ions  liberated  at  an  electrode  is  directly  proportional  to  the  quan- 
tity of  electricity  i.e.  charge  which  passes  through  the  electrolyte. 

ffi  I  Seeund  J  ,aw.  The  masses  of  ions  of  different  substances  liberated  by  the  same  quantity  of 
electricity  are  proportional  id  their  chemical  equivalent  weights. 
Explanation  of  the  First  Law 

1 1  -  Mid'--- 1.:'  l  Ik."  irons  liberated,  Q  =  quitlilv  ofcicctriciu  -  /  *  t  where  /  h  the unci  it  jnd  :  i.-. 
the  time,  then  according  to  the  first  kiw  maQ  or  m=ZQ(sr  m  -  Z  J/ 

where  Z  is  a  constant  and  is  known  as  the  electrochemical  equivalent  iE.CE,)  of  the  substance, 
If  Q  =  I  coulomb  J.e.  f  =  1  ampere  and  J  =  1  second,  then  m  -  Z. 

Hence,  EC.E.  of  a  substance  is  equal  tp  the  mass  of  its  ion.*  liberated  by  the  passage  of  one 
ampere  current  for  one  second  through  its  electrolytic  solution  or  by  the  passage  of  a  charge  of  one 
coulnmh 

In  fact,  the  eon* Unit  '/.  is  composite  and  it  depends  on  the  valency  and  atomic  weight  of  the 


substance  concerned-  Its  valae  is  given  by  Z  =   —  .  —    where  a  is  the  atomic  weight,  p  the  va- 


lency and  F  is  Faraday's  constant.  It  is  so  because  m  is  proportional  to  atomic  weight,  sicne  each  ion 
curries  a  definite  charge.  Obviously,  the  charge  carried  by  tin  ion  is  proportional  to  its  valency. 
Now,  consider  the  molecules  of  sulphuric  acid  and  copper  sulphate-  The  sulphion  SQ4  in  the  acid 
molecule  is  combined  with  two  posit  ve  hydrogen  ions,  whereas  in  CuSO^  molecule,  it  is  combined 
only  wsih  one  positive  ( hivakni)  Cu"  ion.  It  is  seen  that  a  copper  ion  being  bivalent  carries  iwice 
the  charge  of  a  hydrogen  ion  which  is  univalent  (monovalent).  H  means  that  in  order  Id  transfer  a 
given  quantity  of  electricity,  only  one-half  as  many  bivalent  copper  ions  as  univalent  hydrogen  ions 
will  be  required-  In  other  words,  greater  is  the  valency  oi  an  ion,  smaller  i-.  tliL1  uuuiIht  oi  ions 
needed  to  carry  a  given  quantity  of  electricity  or  charge  which  means  mat  the'niass  or  an  ion  ((her- 
ated  is.  inversely  proportional  to  its  valency. 


where  E  is  the  chemical  equivalent  weight  [s  iitv). 

The  constant  F  is  known  as  Faraday's  constant.  The  value  of  Faraday's  constant  can  be  found 
thus.  It  is  found  that  one  coulomb  liberates  (.MMJ1 1 1 K  gram  o|  silver.  Moreover,  silver  is  univalent 
and  its  atomic  weight  is  1 01. SB.  Hence,  substituting  these  values  above,  we  find  that 
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_     „    .  chemical  equivalent  lE\        _        .  ___  , 

For  all  ^instances.   :  t-t  ; —  —  -  Faraday  s  constant  (Fi  =  96,51X1  coulomb 

electrochemical  equivalent  \7.  \ 

orF  =  FJZ 

Kxphination  nf  tin-  Second  I 

Suppose  mi  elect,  it  current  is  parsed  I'm  the  ^uiik1  Emit;  J  trough  acidulated  water,  iMttnlQn  "I 
CuS04  and  AgNO?,  then  for  every  1.0078  (or  1.008)  gram  of  hydrogen  evolved.  I07.HK  gram  of 
silver  and  31.54  gram  of  Cu  art  liberated-  The  values  107.88  and  3- 1  _54  reprcM.nl  the  equivalent 
weights*'  of  silver  and  copper  respectively  i.e.  their  atomic  weights  (as  referred  to  hydrogen)  divided 
by  [hejr  respective  valencies. 

Example  9J,  dhsihtic  tin  tinn  taken  h>  Jr/mM  it  <iw/i/iif  o)  nu  irt  0.05  * «  f/jtii  «-B  _i  metal 
\tirjut  t  hy  meann  i»/  a  eummt  ufM  A  per  rtjr'  11/  uirftn  r.  S'iekei  tt  it  divalent  metul  'it  UkMlth  »i  fijfM 
S'J  iiiut  nfttenuti  f  vmiti/i  m '   Sihrr  Itus  tin  tittmtle  urt^'Af riu//  /ji  fT.T  /\  rj/  /  /  w#/T. 

Sulutif-iL  Wi.  of  nickel  to  be  deposited  per  cm3  of  surface  =  lx  0  05  x  9  =  0,45  g 
E.C.E.  of  Ni        chemical  equivalent  of  Ni 

\i  l  \s   —   —  ___ 

ft.Cf.  of  Ag        chemical  equivalent  of  Ag 

ECE.  of  Ni  =-  1.  MSx  10"'  x^^  =  0.0003053  g/C 

1 0a 

(chemical  equivalent  =  atomic  WL-val.ncy ) 
Now  in  =  Z/f    ■.    0.45  =0.0003053  *  8  x  f ;  /  =  184  second  =  i  »du.  4  sccuud 

Funupk-  9JL  //  IS,  258  am  w  n£  *<*rf  <_r««  defuwted  by  IlHi  amp  Phwiiiv  /tor  ff>  ntM-Me-  fern 
m/ir/i  aipper  wiitiid  lie  JeptjxtieJ  h\  50  amp  fur  6  minute  x  .  Atomic  weight  t>)  tin  kei  =  5fi.fi  and  that 
<if  capper  6J  1$   I  Wen  *  of  lutth  is  2  i  Electric  Power  AMIE  Sec-  Summer  19*11 

Solution.  From  Faraday's  first  low.  we  get  M  -  Tit  =  m  \     .  —  \  It. 
ll  mt  b  (be  mass  of  nickel  deposited  and  m-  thai  of  copper,  then 


ni,  ■  18-258  = 


I8.25B        M.3  60.000 

Hxampli'  93.  Tile  evliniitieal  mrfme  ol  u  slmit  »f  Jitiiacler  12  an  and  length  24  t  m  i\  in  h* 
repaired  h\  elertrvtleptfstnnn  vfii.i  cm  thivk  ntrkei  tm  it.  Cuhulute  du  time  ttikeri  if  the  mi  tent 
u\ed  "  !<><>  1    /'')*  fulltwtnn  tiutu  nun  l>e  used 

SjH'rifu  emvitv  itj  nickel  =  X  V  ;  ,\n\mu~  weight  at  nu  kel  -  5K."  I Jrm/r/iM  ;  E.C.E.  v{ xdeer  - 
!  2  ma/C  Ammk  we^N  <>t  uhet  ~  107.V  il'.\vn.  Enjjg.  A.M.Ai-.  SJ.  June.  IW1) 

Soliiiittn  Curved  surface  of  the  salt  =  ir£>x  /  =  n  x  12  x  24  cm' 

rhivkticss  of  tiK-kcl  layer  =  0.1  cm 

Volume  of  nickel  tn  be  deposited  =  1271  *  24  x  0.1  =  90.5  cm1 

Mass  of  jukd  deposited  m  90.5  x  8.9  =  805.4  g 


I  ll,.  >. I  ni_.il  L^uimluNU  ind  lIiciiiiuiI  ei(uivrtlci_-  urdrfJcrrni  subsum  e  me  miui -rclmiftl  lint*. 

EL  E  «-|  A  --iH-iHf..il  cquitalrm  ut  -1 
EX.'JLof  H    ~   cbe4Uh_il  .^uivulciu  of  tt 

rurthcr.  it  «i,  .niJ  m7  _ix  nutuMrvof  ions deptwied  oi  nr libcraied from  _net_cuxt_.  t,  and  £-  ibeir  chemicut 
c<i«i>Hltfnt>  ami  /,  nnd  /.  itn-ir  rk'tinx  hrmu-yl  ctiuivukni  wciphis.  then 

m^m,  =  E/E,  -  Z,/Z. 
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Chemical  equivalent  of  J*'-  at"mic  ^  =  ^  29.35 

valency  2 

Now  of  Ni    _   chemical  equivalent  of  Ni 

£.C£.  of  Ag        chemical  equivalent  of  Ag 

£.CE  of  Ni  29.35 

U2        ~  107.9 

i".  C.f .uf  N  i  =  1 .  1 2  x  29.35/107.9  =  0.3115  mg/C 

Now  m  -  Tit 

.'.  805.4=  0,305  «  1 0  3  x  100  x  /  .-.  f  =  26,406  second  or  7  hr,  20  min  7  s 
Kxamplt  9,4,  /'/re  worn-mtl  jutri  ttf a  circular  yhafi  15  cm  in  diumcicr  iutd  30  t  m  long  ix  to  he 
repaired  b\  depmitin  i;  on  it  0. 15  cm  of Nickel  h\  an  electro-depositing  process.  E.Uimutc  the  tpouilin 
t>t  t-tivtntin  tvouued  ond  tin  tune  if  tltr  cuirvnt  detisiiy  is  w  <w  25  tnA/c'HC,  Tin  ennntt  rffit  ictiv- 
ttfthc  process  nutv  be  taken  as  95  fit  r  <  Ml  Take  EVE.  for  nickel  US  0,3043  mg/emthmd)  uiu.1  the 
dentin  nf  nickel  ax  S,9g/cmJ  (Elect-  Power-I.  Bangalore  I'nJv.  !9«7> 

Solution.  Curved  surface  area  uf  shafl  =  ItOx/sitx  15x30=  |4|4  cm1. 
Thickness  of  nickel  layer  =  0.15  cm 

Volume  of  nickel  to  be  deposited  =  1414  x  0.15  =  212  citiJ 
Mass  of  nickel  to  be  deposited.  =  212  x  8.9  =  1&87  gram 

Now.  in  =  ZQ;  Q  =  miZ  =  1887/0.343  x  10  7  =  «s  W  ' 

Now.  current  density  =  15  if  HP  A/cm3;  A  =  1414  cm1 

/  =  25  x  10  '  x  1414  =  35.35  A 
Since    Q  ^  ft    :.    is62x  1 0*/35.35  -  1.7  X  I05s  =  47 J  hr. 

Example  1-5.  1  refilling  plant  employs  ItHHi  cells  (or  copper  refining,  A  current  of  Mum  \  rv 
used  and  tin  mlaw  per  cell  h  0.25  volt.  If  the  pltuit  works  for  Ktff  huurs/iuvk.  d,  ten  tunc  ike 
tfflpMlli  output  of  refined  ceffnur  mid  the  emg\  consumption  in  kWli  per  tonne  The  elcctroc/ictnu  uf 
rtpurtiirw  nf  copper  ts  /.  iH44  kg/KKM)  Ah 

(Electric  Drives  and  Ltilizmion,  I'unjuh  I  im.  .Inn  I **** 1 1 

Solutiun.  Total  cell  voltage  -  0.25  x  1000  =  250  V;  /=  5000  A;  plant  working  time  -  100  hour/ 
week  =  100  x  52  =  5200  hour/year;  Z=  1.1844  kg/1000  Ah;  1  Ah  =  I  *  60  x  60^  3600  C; 
.-.    2  m  1.1 844  Jtg/1 000  x  3600  =  0.329  x  10" 6  kg/T. 

Aeetfrding  to  Faraday's  law  of  Electrolysis,  the  nmounl  of  refined  copper  produced  per  year  la 

m  =  Ztl  =  0.329  *  I0"*1  x  5000  x  (5200  x  3600)  =  3079  kg  =  tonne. 

Hence,  annual  output  of  refined  copper  =  3.073  tonne 

Energy  consumed  per  year  =  250  x  5000  x  52O0/10O0  =  6500  kWh 

This  is  the  energy  consumed  for  refining  3.079  tonne  of  copper 

.',    Energy  consumed  per  tunne  =  6500/3,079  -  21 IQ  kWfi/luiint. 

hAiiinpii-  *i.h.  ',  ifieei  of  iron  i\twn\\>  u  total  suifure  nreti  nf  O.Jf>  in  is  to  he  elect rophncd  wtlt 
fOff/mr  to  o  (hk  knt  ix  of  0.0254  mm  What  uuuioiiv  of  ekvlnrity  will  he  required  "  The  iron  will  he 
WW  the  cathode  and  immersed,  to^vtltt-f  with  un  anode  of  pure  copper,  ni  o  \ohttinn  of  copper 
sulphate 

icKwwMc  the  itius  \  demit  v  ot  i  oppei  =  fi.Wj  y  ft)'  kx  nf  '.  E.C.L.  nf  topper  —32,9  x  JO  *  ke  tf 
Current  density  =  JfX)  Am  'i  IAJV11E  Sec.  B  Utilisation  of  Klet  trie  Power  Summer  1992) 

Snhitinn,  Area  over  which  copper  is  to  he  deposited  =  0.3d  m! 
Thickness  of  the  deposited  copper  -  0.0254  x  10"  1  m 
Volume  of  deposited  copper    =  0.36  *  00254  x  10"  1  ^  9.144  x  iO"6  nr 
Mass  of  cojiper  dcposiicd        =  volume  x  density 

=  9 144  x  10  *  M  8.96  x  10*  =  0,0819  kg 
Now.  m  =  Z  Q  Q=m/Z  =  0.08 1 9/32.9  x  10"  *  =  248936  C 
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I  tifnriul  I'niMems  N».  M.I 

1.  A  sfcsudy  current  was  pawed  for  10  miflittma  through  un  mnnieter  in  scries  with  a  silver  vi  .Ji.hihml'i  .....I 
3.4S9  grams  of  silver  *ere  deposited.  The  reeding  of  UV  ammeter  was  5  A.  Calculate  the  percentage 
errcir.  Electrochemical  equivalent  of  silver  -  1,1 138  itig/C,    |3.85  %]   (H/v  awe/  Guilds,  Ijmtlm) 

2.  Caiculuit  the  ampere-hours  required  in  deptisit  a  eouilng  of  silver  0,<)5  mm  thick  on  a  sphere  <>r  5  cm 
ttdiill  Assume  electrochemical  equivalent  Of  silver  =  0-011 1  Ifl  and  density  of  silver  to  be  10,5  g 
cm5,  [Utilization  of  Etta.  Pmvr.  A.M. I.E.  Summer.  /V79| 

9.2.   Polarisation  oT  Rack  F„M,F. 

Lei  tts  consider  the  ease  of  two  platinum  electrodes  dipper  in  dilute  sulphuric  acid  solution, 
When  a  small  potential  difference  is  applied  across  the  electrodes,  no  current  is  round  to  How 
When,  however,  the  applied  voltage  is  increased,  a  time  comes  when  a  temporary  ilow  of  current 
takes  place.  The  ff  ions  move  towards  die  cathodes  and  0~  ions  move  towards  the  anode  and  are 
absorbed  there.  These  absorbed  ions  have  a  tendency  to  go  back  into  the  electolytie  solution,  thereby 
leaving  them  as  oppositely-charged  electrodes.  This  tendency  produces  an  e.m.f  that  is  io  opposi 
[ion  to  the  applied  voltage  which  is  consequently  reduced 

This  opposing  e.m.f.  which  is  produced  in  tin  electrolyte  due  to  the  absorption  of  gaseous  torts 
by  the  electrolyte  from  the  iw»  electrodes  is  known  as  the  back  e.m.f  of  elect  filys  is  6t  polarisation. 

The  value  of  this  back  e.m.f.  is  difTerenl  From  different  electrolytes.  The  minimum  voltage 
required  to  decompose  an  electrolyte  is  called  the  decompositott  vol  [age  for  that  electrolyte, 

9 J.    Value  nf  Hack  H.M.I- . 

For  producing  elecrolysis.  it  is  necessary  unit  the  applied  voltage  must  be  greater  than  the  hack 
e.m.f.  or  elecrolysis  for  that  electrolyte.  The  value  of  this  back  e.m.f.  of  electrolysis  can  be  found 
thus 

Let  us.  for  example,  find  the  decomposition  voltage  of  water.  We  will  resume  that  lite  energy 
required  to  separate  water  into  its  constituents  [i.e.  oxygen  and  hydrogen  I  is  equal  to  die  energy 
liberated  when  hydrogen  and  oxygen  combine  to  form  water.  Let  H  kcal  be  the  amount  of  heat 
energy  absorbed  when  9  kg  of  water  are  decomposed  into  t  kg  of  hydrogen  and  8  kg  of  oxygen.  If 
the  electro-chemical  equivalent  of  hydrogen  is  Z  kg/coulomb,  dten  the  passage  of  q  coulomb  liber- 
ates Zq  kg  of  hydrogen.  Now,  H  is  the  heal  energy  required  to  release  I  kg  of  hydrogen,  hence  for 
releasing  Zq  kg  of  hydrogen,  heat  energy  required  is  H'la  kcal  to  JHZq  joules.  If  E  is  the  decompo- 
sition voltage,  ihen  energy  spent  in  circulating  <f  coulomb  of  charge  is  Eq  joule.  Equaling  the  two 
amounts  of  energies,  we  have 

Eq  =  JHZq  or  £  a  JBZ 

where  J  is  4200  joule/kcnl. 

lite  e  m.r.  of  a  cell  can  lie  calculated  by  determining  the  two  electrode  potentials.  Tlie  electrode 
potential  is  calculated  on  the  assumption  that  the  electrical  energy  comes  entirely  from  the  heat  of 
[he  reactions  of  the  constituents.  Let  us  lake  a  y.tnc  electrode.  Suppose  it  is  given  dial  I  kg  of  zinc 
when  dissolved  liberates  540  kcal  of  heat  and  that  the  electrochemical  equivalent  of  junce  is  0.338  x 
10" 6  kg/coulonib.  As  calculated  above, 

£  =  JHZ  =  4200  x  540  x  0.338  x  10" 8  =  0.7ft  vol! 

The  electrode  potentials  are  usually  refered  to  in  terms  of  die  potential  of  a  standard  hydrogen 
A:emnk-  i>  an  electrode  of  hvdropen  .a  mirniul  aini'^hcric  pressure  .irid  «n  contact  with  .= 
normal  acid  solution  In  table  No.  9,1  are  given  theclelrode  potentials  of  various  elements  as  referred 
to  the  standard  hydrogen  etectode  The  elements  are  assumed  to  be  in  normal  solution  and  ul 
atmospheric  pressure. 

In  the  case  of  Daniel  cell  having  copper  and  ;inc  elcctodes.  the  copper  electrode  potential  with 
respect  to  hydrogen  ion  is  +  0.345  V  and  thai  of  the  zinc  electrode  is  -  0.758  V.  Hence,  the  cell  e.m.f. 
is  11.345  -  {-  0.758)  =  1 . 103  volt.  The  e.m.f,  of  other  primary  cells  can  be  found  in  a  similar  way, 
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hxmuple  9.7.  Calculate  die  weight  of  zinc  <nui  MnO-,  required  to  produce  I  ampere-hour  in  tt 
h'chau'he  cell 

Atomic  \rei}[htx  :  Mn.  55  :  0.  /6  .  Zil  65.  E.C.E.  »f  hydrogen  =  1.04  *  10 "  k%/C 
Sulutlun.  1  ampere-hour  m  3600  A-s  *  3600  C 
Wt.  of  hydrogen  liberated  -Zq~  1.04  x  I0~*  x  3600  =  37.44  x  10"  *  kg 
Now,  the  chemical  reactions  in  the  ceil  are 

Zn  +  2NH4C1  -  ZnCl,  +  2NH,  +  H2 
It  is  seen  that  1  atom  of  zinc  is  used  up  in  liberating  two  atoms  of  hydrogen.  In  other  words,  to 
produce  2  kg  of  hydrogen,  65  kg  of  idnr  will  have  in  go  into  chemical  combination. 

Zinc  required  to  produce  37.44  x  Iff*  kg  of  hydrogen  ■  37.44  x  10   x  65/2 

=  1.217  x  10  'kg 
The  hydrogen  liberated  combines  with  manganese  dioxide  as  under  . 

2MnQ,  +  Ht  =  Hp  +  Mn,0, 
Atomic  weight  of       MnCC  =  2(55  4  16  n  2)=  174 

It  ui  seen  that  174  kg  of  MnO-,  combine  with  2  kg  of  hydrogen,  hence  Wt.  of  MnO?  needed  to 
combine  with  37.44  x  10" b  kg  of  hydrogen  =  37.44  x  10"  *  x  174/2  =  3.258  x  ID"  1  kg. 

Hence,  for  I  ainpre-hour,  1.217  x  hi     kgof  zmee  and  -V258  x  10    kpnf  MnO,  arc  needed 

9.4.  Primary  und  Secondary  Batteries 

An  electric  buttery  consists  of  a  number  of  electrochemical  cells,  connected  either  in  scries  or 
parallel.  A  cell,  which  is  the  basic  unit  of  a  battery,  may  be  defined  as  a  power  generating  device, 
which  is  capable  of  convening  stored  chemical  energy  into  electical  energy,  if  the  stored  energy  is 
inherent!)  present  in  the  chemical  substances,  ii  is  called  a  primary  cell  or  a  non-rechargeable  cell. 
Accordingly,  ihe  battery  made  of  these  cells  is  called  primary  battery  The  examples  of  primary 
cell;,  are  Leclarichc  cell,  /.inc-chlonue  cell.  ulkali!iL'-m.ineane>e  cell  .>iu!  rneial  .m  cells  etc 

It.  one  1  he  oilier  hand,  energy  is  induced  in  die  chemical  subslances  bv  applying  .111  external 
source,  it  is  called  a  secondary  celt  or  rechargeable  cell.  A  battery  made  out  nf  these  cells  is  called 
a  secondary  battery  or  storage  battery  or  rechargeable  battery.  Examples  of  secondary  eel  In  ure  lead- 
acid  cell,  nickel-cadmium  cell,  nickel- iron  cell,  nickel-zinc  cell,  nickel-hydrogen  cell,  silver-zinc 
cell  and  high  temperature  cells  like  lithium -chlorine  cell,  lithium- sulphur  cell,  sodium- sulphur  cell 
etc. 

9.5.  L  LLsMfkiiLiun  uf  Secondary  Hat  I  cries  baaed  on  their  Use 

Various  types  of  secondary  batteries  can  be  grouped  in  to  the  following  categories  as  per  their  use  t 
J .    Automotive  Batteries  or  SU  Batteries  or  Portable  Batteries. 

I'Iscm.'  aie  used  I01  tuning,  lighting  and  ignition  {SU)  in  internal-combustion-engined  vehicles. 
Examples  are  lead-acid  butteries,  nickel- cadmium  batteries  etc. 

2.  Vahicle  Traction  Batteries  or  Motive  Power  Batteries  or  Industrial  Batteries 
These  arc  used  as  a  motive  power  source  for  a  wide  variety  of  vehicles.  Lead-acid  batteries. 
tuckeNiron  batteries.  silver-/.inc  balieries  have  been  used  for  this  purpose.  A  number  of  advance 
batteries  including  high- temperature  batteries  are  under  development  fnr  electric  vehicle  lEV)  use. 
These  high- temperature  batteries  like  sodium-sulphur  and  lithium-iron  sulphide  have  energy  densi- 
ties in  the  range  of  100-120  Wh/kg. 
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3.    Stationary  Batteries. 

The.se  f:dl  into  two  groups  {a)  standby  power  system  which  is  used  intermittently  and  {b\  load- 
icvclling  system  which  stores  energy  when  demand  i  s  low  and.  later  on.  uses  it  to  meet  peak  demand 
''f>.    ITussifitalinn  nl  Lead  Stomal'  (latteries 

Lead  storage  butteries  may  be  classified  according  to  the  service  which  Lhcy  provitk' 

1.  SU  Batteries 

The  primary  purpose  or  these  batteries  is  to  supply  power  for  engine  starting,  lighting  and 
ignition  iSU)  of  vehicles  propelled  by  IC  engines  such  as  automobiles,  buses,  himc>.  and  other 
heavy  road  vehicles  and  motor  cycles  etc.  Usually,  these  batteries  provide  1 1  V  and  consist  of  six 
senes-coiinecied  lead -act  J  cells  wiih  capacity  of  the  other  ol  Km  Ah  Their  present-day  enere.'. 
density  is  about  45  Wh/kg  and  75  Wh/dm  . 

These  days  ' main ten anee- free'  \  Mi  I  SU  batteries  have  ken  designed,  which  do  not  require  the 
addition  of  water  throughout  their  normal  service  life  of  2-5  years.  MF  versions  of  the  SLt  batteries 
ore  constructed  of  such  material  that  no  gassing  occurs  during  charging.  In  MF  batteries,  the  electro- 
lyte is  either  absorbed  within  the  microporous  separators  and  the  plates  or  is  immobilized  with 
suitable  gelling  agents. 

These  days  the  SU  battereis  arc  charge*.!  from  .in  alternator  \AC  generator!  and  nol  from  dynumo 
{DC  generator  i  The  alternating  current  produced  by  the  alternator  is  converted  into  direct  current 
by  a  full-wave  bridge  rectifier,  which  uses  semi-condurtor  diodes.  In  this  arrangement,  no  cutout  is 
needed  and  the  transistorised  voltage  controller  regulates  the  alternator  output  to  suit  ihe  electrical 
load  and  the  stale  of  charge  of  the  battery.  The  battery  is  charged  under  constant-voltage  conditions. 

2.  Vehicir  Traction  Batteries 

Ihe  recent  universal  concern  over  die  levels  of  toxic  gases  (particular!)  in  urban  areas)  emitted 
by  the  IC  engines  has  revived  interest  in  electric  traction.  There  has  been  great  development  m  the 
use  ol  bat icry- powered  vehicles,  primarily  industrial  trucks  and  commercial  mad  vehicles  of  various 
tjpes  like  'milt  floats'  (i.e.  boltled-milk  delivery  trucks),  fork  lift  trucks,  mining,  airport  tractors, 
aircraft  service  vehicles,  electric  cars  and.  more  recently,  in  robotics  and  guided  vehicles. 

Traction  bortcreis  are  of  higher  quality  than  SU  batteries.  They  provide  constant  output  volt- 
age,  high  volumetric  capacity,  good  resistance  to  vibration  and  a  long  service  lite  They  can  with- 
stand prolonged  .mJ  deep  discharge*  followed  by  deep  recharges  usually  on  a  daily  basis.  The 
voltage  of  traction  batteries  varies  from  12  V  to  240  V  and  they  have  a  cycle  life  of  I  (MX)- 1 50ft 
cycles. 

A  number  uf  advanced  batteries  and  under  development  for  EV  use  (/)  room  temperature  batter- 
ies like  /inc-nickcl  oxide  battery  (75  Wh/kg)  and  fine-chlorine  hydrate  battery  <£()  Wh/kg)  and 
(ij'J  high-icmparturc  batteries  like  sodium-sulphur  battery  (120  Wh/kg)  and  lithium-iron  sulphide 
battery  1 100  Wh/kg). 

i.    Stationary  Batteries 
Their  use  falls  into  two  groups. : 

(a)  as  standby  power  system  and  [b)  us  load-levelling  system. 

In  the  standby  applications,  the  battery  is  used  tu  power  essential  equipment  or  to  provide  alarms 
or  emergency  lighting,  in  case  of  break -down  in  the  main  power  supply.  Standby  applications  have 
increased  in  recenl  years  with  increasing  demand  for  uninterruptible  power  systems  (UPS)  and  a 
tremendous  growth  in  new  telecommunication  networks.  The  UPS  provides  'clean'  a_c  supply  Tree 
of  sage  or  surges  in  the  line  voltage,  frequency  variations,  spikes  and  transients  to  modem  computer 
and  electronic  equipment.  Banks  of  sealed  lead-acid  iSLAl  standby  batteries  have  been  recently 
used  in  telecommunication  systems  and  for  UPS  applications. 

Recently,  advanced  lead-acid  batteries  have  been  used  lur  load-level  ling  puq«ose  in  the  electric 
generating  plants.  A  11)0  M  Wh  lead-acid  battery  load-levelling  system  could  occupy  u  building  two 
and  a  half  storey  high  and  an  area  of  about  250.1KK)  m  . 
4.7.    Parts  of  a  Lead-acid  Buttery 

A  battery  consists  ol  a  number  uf  cells  and  each  cell  of  the  bailery-consists  of  fa)  positive  and 
negative  plani-S  [b\  xeparaiors  and  (c)  elcctolyte,  all  contained  in  one  or  the  many  compartments  ol 
the  battery  container.*  Different  ports  of  a  lead-acid  battery  are  as  under : 

*     The  most  common  form  ul  kaU-acid  cell  used  I'm  rimnnr  unplx.aiuni'.  is  iKL'  tubular  cell  which  consists  nl 
'umumml  lllliulill  pn-Jloe  (villi;  ut  si.uldjinl  flut  negative  pi  Me 
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(i)  flares.  A  plate  consists  of  a  lattice  type  uf  g.riiJ  -,st  cast  antimonial  lead  alloy  which  is  covered 
with  active  material  {Art.  9.8),  The  grid  nut  only  serves  as  a  support  for  the  fragile  active  material 
but  also  conducts  electric  current.  Grid  for  the  positive  and  negative  plates  arc  often  of  the  sanie 
design  although  negative  plate  grids  are  made  somewhat  lighter.  As  discussed  in  Art.  9.10t  positive 
plates  are  usually  Plante  plates  whereas  negative  plates  are  generally  of  Faun:  or  parted  type. 

(ii)  Separate/ fx.  These  are  thin  sheets  of  a  porous  material  placed  between  the  positive  and 
negative  paltes  for  preventing  contact  between  tbent  and  thus  avoiding  internal  short-circuiting  of 
die  battery.  A  separator  must,  however,  be  sufficiently  porous  to  allow  diffusion  or  circulation  of 
electrolyte  between  I  lie  plates.  These  are  made  of  especially- treated  cedar  wood,  glass  wool  mat. 
rmcroporous  rubber  (mipor).  microporous  plastics  { pi astipore.  njiplasl )  and  perforated  p,  v.c.  as  shown 
in  Fig.  o,l,  fn  addition  to  good  porosity,  a  separator  must  possess  high  electrical  resistance  and 
mechanical  strength. 
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(b) 


Perforated  p,v.t- 


Fig.  9.1 

(Bfl  Electrolyte.  It  is  dilute  sulphuric  acid  which  fills  the  cell  compart ment  to  immerse  the 
plates  completely. 

(iv)  Container,  h  may  be  made  of  vulcanised  rubber  or  moulded  hard  rubber  (ebonite },  moulded 
plastic,  ceramics,  glass  or  celluloid.  The  vulcanised  rubber  containers  are  used  for  car  service,  while 
glass  containers  are  superior  for  lighting  plants  and  wireless  sets. 
Celluloid  containers  arc  mostly  used  for  portbable  wireless  set 
butteries.  A  single  monoblock  type  container  with  fi 
compartments  generally  used  for  starting  batteries  is  shown  in 
Fig.  9.2,  Full  details  of  u  Russian  i  2-CAM-28  lead-acid  battery 
parts  are  shown  m  Fig.  9.3.  Details  of  some  of  these  parts  are  as 
follows  j 

(ml  Bottom  Grooved  Sappt>rl  Blocks.  These  are  raised  ribs, 
either  fitted  in  the  bottom  of  the  container  or  made  with  the  con- 
tainer itself.  Their  function  is  to  support  the  plates  and  hold  them 
in  position  and  a!  the  same  lime  protect  them  from  short-circuits 
thai  would  otherwise  occur  as  a  result  of  tall  of  the  active  mate- 
rial from  the  plates  onto  the  bottom  of  the  container. 

{b'i  Connecting  Bar.  U  is  the  lead  alloy  link  which  joins  the  ceils  together  in  series  connecting 
(he  positve  pillar  of  one  cell  to  lite  negative  piller  of  the  next  one- 

ir)  Terminal  Postc  or  Pillar.  It  is  the  upward  extension  from  each  connecting  bar  which  pauses 
diruugh  die  cell  cover  lor  cable  connections  to  the  outside  circuits.  For  easy  indenlifi  cation,  Ihe 
ne»a1ive  terminal  post  is  smaller  in  diameter  than  the  positive  terminal  post. 

(J\  Vent  Plugs  or  Fitter  Caps.  These  are  made  of  polystyrene  or  rubber  and  are  usually  screwed 
in  die  cover.  Their  function  is  to  prevent  escape  of  etecirolyte  but  allow  the  free  exit  of  the  gas. 
These  can  be  easily  removed  for  lopping  up  or  taking  hydrometer  readings. 

t*  l  ILitrrnal  Connecting  Straps.  These  are  the  antimonial  lead  alloy  Hal  bars  wind)  connect  the 
I  ■■;  ■  ->  1 1 1  v  l  lLTimrii.il  post  of  one  cell  to  the  negative  of  die  next  across  the  top  of  the  cover.  These  are  of 
very  solid  construction  especially  in  starting  batteries  because  they  have  to  carry  very  heavy  currents. 
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Fig.  9.3.  (Courtesy  MIR  Publishers.  Moscow) 

I .  -  vc  plate  2.  separator  3.  +  ve  plats.  4.  +  ve  group  5.  -  vc  group  6-  -  ve  group 
grooved  support  block  7.  lug  8.  plate  group  9,  guard  screen  10.  guanl  plate  II. 
cell  cover  (2.  plug,  washer  13.  veni  plug  94.  monublock  jar  IS,  supporting prisms 
of  >  w  group  16.  inter-cell  connector  (7.  terminal  lug  18,  screw  15.  washer  20, 
nul  21  njlihcr  inking  22.  sealing  compound. 
y,8.    Active  mntrrinh  of  a  l.tud-aicd  Cell 

Those  substances  nf  ihe  cell  which  take  active  purl  in  chemical  combination  and  hence  absorb 
or  pordace  electricity  during  charging  or  discharging,  are  known  as  active  material*  of  the  cell. 
The  active  materials  of  a  lead- acid  eel!  iire  : 

I .  Lead  peroxide  (PhQ,)  for  +•  vc  plate  2.  Sponge  If.od  tPb)  for  -  ve  plaie  3.  Dilute  Sulphuric. 
Acid  (U,S04)  as  electrolyte. 

1.  [.end  I'v i  <i Mill- 
It  is  a  combination  of  lead  and  oxygen,  is  dark  chocolate  brown  in  colour  and  is  quite  hard  but 

bridle  substance.  It  is  made  up  of  one  atom  of  lead  (Pb)  and  two  atoms  of  oxygen  [Q2)  and  its 
eremitical  formula  is  PbO;,  As  said  earlier,  it  forms  I  he  positive  active  male  rial, 

2.  Sponge  I  i-.id 

It  is  pure  lead  in  soft  sponge  or  porous  condition.  Its  chemical  formula  is  Ph  and  forms  the 
negative  active  material. 

3.  Dilute  Sulphuric  Acid 

Te  Is  approximately  3  parts  water  and  one  part  sulphuric  acid.  The  chemical  formula  of  the  acid 
is  H;S04  The  positive  and  negative  plates  are  immersed  in  this  solution  which  is  known  as  electro- 
lyte. Ii  is  this  medium  through  which  die  eurrcnl  produces  chemical  changes. 

Hence,  the  Icod-ttcid  cell  depends  jm  its  oction  \>ti  tlte  prescm  c  of twn  plates  covered  with  Pht) . 
ond  Ph  in  a  solution  of  dilute  H2S04  of  specific  gravity  1.2 )  or  nearalwut. 

Lead  in  the  form  of  Pb02  or  sponge  Pb  has  very  little  mechanical  strenglh.  hence  it  is  supported 
hy  plates  of  pure  lead.  Those  plates  covered  with  or  otherwise  supporting  Pb02  are  known  as  +  ve 
plates  and  those  supporting  sponge  lead  are  called  -ve  plates.  The  +  ve  ynd  -ve  plulest  arc  arranged 
alternately  :uid  are  connected  to  two  common  +ve  and  -vc  terminals.  These  plates  are  assembled  in 
a  suitable  jar  or  container  to  make  a  complete  cell  as  discussed  in  An.  ().4  above. 
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U\   DISCHARGING  (Fig.  ».4| 

When  the  cell  is  fully  charge,  its  positive  plate  or  anode  is  Pb02  (dark  chocolate  brown  f  and  the 
Motive  plate  or  cathode  is  Pb  (slate  grey).  When  the  eelJ  discharges  Le,  it  sends  current  through  the 
external  load,  then  H.,SQ4  is  dissociated  into  positive  H3  and  negative  SOg  ions.  As  the  current 
within  the  oetl  is  flowing  from  cathode  In  anode,  H2  ions 'move  to  anode  and  504  inns  move  to  the 
ealhod. 


O  
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Ai  anode  (PbO,|,  H2  combines  with  the  oxygen  ofPM),  and  H,S04  attacks  lead  to  form  PbSOj. 


PhO,  +  II,  4  ll2S04  s.  PbS04  + 

At  the  cathode  (Pb),  SO^  cumbincs  widi  it  to  form  PbS04 

-PbSO^ 


2H20 


Pb  +  SOj  ■ 
It  will  be  noted  that  daring  discharging  i 

((')  Both  anode  and  cathode  become  PbS04  which  is  somewhat  whitish  in  colour, 
(ii)  Due  to  formation  of  water,  specific  gravity  of  the  add  decreases. 
(Hi)  Voltage  ofttie  cell  decreases,  (iv)  Titc  cell  gives  out  energy. 
CHARGING  (Fig.  V.5I 

When  the  cell  is  recharged,  the  Hn  ions  mine  to  cathode  and  S04  ions  go  to  anode  and  the 
following  changes  take  place  : 

At  Cathode        PbSOd  +  H,   ►  Pb  +  H,S04 


tit) 


At  Anode 


PbSO, 


IBS) 


-*  PbO  r  +  2H.,SO, 


Hence,  the  anode  and  cathode  again  become  PbO-,  and  Pb  respectively, 
(f)  The  anode  becomes  dark  chocolate  brown  in  colour  (PbO,)  and  cathode  becotnes  gray 
metallic  lead  (Pb) 

(if)  Due  (0  consumption  of  water,  specific  gravity  of  HSOt  is  increased. 
Uli)  Tlutre  is  arise  in  voltage,  (iv  I  Energy  is  absorbed  by  the  cell. 

"Hie  charging  and  discharging  of  the  cell  can  be  represented  by  a  single  reversible  equtiun  given 
below  : 

Pos.  Plate  Neg.  Piute    Discharge     Pos  Plan-  Neg.  Plate 


PbO,  +  2H,SO.+ 


Pb 


PbSO,  +  2H,()    +  PbSO. 


Charge 

For  discharge,  the  equation  should  be  read  from  left  to  right  and  for  charge  from  right  to  left. 
Example  '».K.   Estimate  lbs  itccessan.  weight  r;/  acrire  material  tn  the  positive  and  negative 
plates  of  a  lead-acid  secomtun  t  el!  per  ampere-how  output  {atomic  weight  of  lend  207.  valenin  2, 
E.C.E.  ofiwdrogen  0.0104  x  Hi  *  kg/O* 

Solution.  Wi  of  hydrogen  evolved  per  ampere-hour  s  0,0104  k  It)"6  x  1  600 

kg 


37.44  x  10  0 


During  discharge,  reaction  at  cathode  is  Pb  *  H2S04  =  PbS04  + 

As  seen,  207  kg  of  lead  react  chemically  to  liberate  2  leg  of  hydrogen. 

Hence,  weigh!  of  Pb  needed  per  ampere-hour  ==  37.44  x  I0"6  x  207/2  =  3.876  x  10~5  kg 

A I  anode  the  reaction  is  :  PbO-,  +■  H-,  »  PbO  +  H20 

Atomic  weight  of  Pb02  =  (207  +  33)  ■  23*? 

,%  Wl  of  PbO,  going  into  combination  per  ampere-hour  -  37-44  k  LOT6  x  239/2  -  4.474  *  10  kg 
Therefore,  quantity  of  active  material  required  per  ampere- hour  is  :  lead  J.H7ft  *  III     kc  and 
lead  peroxide  4.474  x  1.0"  J  k^. 

4.10.  Formal  ion  or  Plates  of  LtLad-aciri  Cells 

There  are.  in  general.  I  wo  methods  uf  producing  the  active  materials  of  the  cells  and  attaching 
[hem  to  lead  plates.  These  are  known  after  the  names  of  their  inventors,  (I)  Phmte  plates  or  formed 
plate*  (2)  Fauif  plates  ur  pasted  plates. 

'Ml.  Pl;»nlf  I'nm 

[n  this  process,  two  sheets  ot  lead  are  taken  and  immersed  in  dilute  HL,SO„.  When  a  current  is 
(.vsMJed  imo  this  lead-acid  cell  from  u  dynamo  4.1  >ornf  <nhei  <fXteriKil  guilts,  uf  supply,  then  due  to 
electrolysis,  hydrogen  and  oxygen  are  evolved.  At  anode,  oxygen  attacks  lead  converting  it  into 
PhO,  whereas  cathode  is  unaffected  because  hydrogen  can  form  on  compound  with  Pb. 

IT  ihe  cell  is  now  discharged  (or  current  is  reversed  Lhonith  ill.  the  pen  wide -coated  plate  beci<mes 
cathode,  so  hydrogen  forms  on  it  and  combines  with  the  oxygen  of  PbO,  to  form  water  thua  j 

PbO,  +  2H,  >  Pb  +  2H20 

At  the  same  lime,  oxygen  goes  to  anode  (the  plate  previously  unaiiaeked)  which  is  lead  and 
reacts  to  form  PbO,.  Hence,  the  anode  becomes  covered  with  a  thin  Film  of  PbOz. 

By  continuous  reversal  of  the  current  or  by  charging  and  discharging  the  above  electrolytic  cell, 
the  thin  film  of  PhO;  will  become  thicker  and  thicker  and  the  polarity  of  the  cell  will  take  increas- 
ingly longer  time  to' reverse.  Two  lead  plates  alter  being  subjected  to  hundreds  of  reversals  will 
acquire  a  skin  of  PbO,  thick  enough  to  possess  sufficiently  high  capacity.  This  process  of  making 
positive  plates  is  known  as  formation.  The  negative  plates  are  also  made  by  the  same  process.  They 
are  turned  from  pusilive  to  negative  plates  by  reversing  the  current  through  them  until  whole  Pb03  is 
converted  into  sponge  lead  Although  Plante  positives  are  very  commonly  used  for  stationary  work, 
Plante  negatives  have  been  completely  replaced  by  die  Feaure  or  parted  type  pi  ales  as  discussed  in 
Art  U.I  3.  However,  owing  to  the  length  of  time  required  and  etmnnous  expenditure  of  electrical 
energy.  I  his  process  is  commercially  impracticable.  The  process  of  formation  can  be  accelerated  by 
farming  agents  such  as  acetic,  nitric  or  hydrochloric  acid  ur  their  salts  but  still  this  method  is  expen- 
sive and  sliw  and  phacs  are  heavy. 

•J.  12,  Structure  of  Plunte  Plati^ 

It  is  seen  that  since  aeuvc  material  on  a  Plante  plate  consists  of  s  ihin  layer  of  Pb03  farmed  on 
and  from  die  surface  of  die  lead  plate,  it  musi  he  made  a!  large  superficial  area  in  order  io  get  an 
appreciable  volume  of  it.  An  ordinary  lead  plate  subjected  lo  the  farming  process  as  discussed 
above  will  have  very  small  capacity-  lis  superficial  area  and  hence  its  capacity,  can  be  increased  by 
grooving  or  laminating.  Fig.  9.6  shows  a  Plante  positive  plate  which  consists  of  a  pure  lead  grid  with 
finely  laminated  surf  aces.  The  construction  of  these  plates  consists  of  a  targe  number  uf  thin  vertical 
laminations  which  are  strengthened  at  intervals  by  horizontal  binding  ribs.  This  results  in  an  in- 
crease of  the  superifieal  area  10  to  12  times  that  possessed  by  a  plain  lead  sheet  of  the  same  overall 
dimensions.  The  above  design  makes  possible  ihc  expansion  of  Ihe  plate  structure  to  accommodate 
ihe  increase  in  mass  and  the  value  of  the  aclive  maicrial  {FbOj)  which  takes  place  when  the  eel!  goes 
through  a  series  of  chemicai  changes  during  each  cycle  of  charge  or  discharge.  The  expansions  of 
the  plate  structure  takes  place  downwards  where  there  is  room  left  for  such  purpose.  Usually,  a 
Plante  positive  plait  expands  by  about  10%  or  so  of  its  length  during  the  course  of  its  useful  life. 

Another  type  or  Planle  positive  plate  is  the  'rosette'  plate  which  consists  of  a  perforated  cast 
and  ur  framework  ol  lead  alloy  with  5  lo  12  per  cent  of  antimony  holding  rosettes  or  spirals  of 
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corrugated  pure  lead  tape.  The  rosettes  (Fig-  9.7 '|  provide  the  active  material  of  the  positive  plate 
and.  during  formation,  they  expand  in  the  holes  of  the  grid  which  are  countersunk  on  both  sides  of 
the  grid.  The  advantages  of  such  plates  are  that  the  lead-antimony  grid  is  itself  unaffected  by  the 
chemical  action  and  the  complete  plate  is  exceptionally  strong. 


Fig.  9.6  Fig.  <>.?  Fig  9.8 

Other  things  being  equal,  llw  life  of  a  Planter  plate  is  in  direct  proportion  to  the  weight  of  lead 
metal  in  it,  because  as  the  original  layer  of  Pb03  slowly  crumbles  away  during  the  routing  charging 
and  discharging  of  the  cell,  fresh  active  material  is  formed  out  of  the  underlying  lead  metal  Hence, 
the  capacity  of  such  a  plate  lasts  as  long  as  the  plate  itself  If  this  respect,  Ptantc  plate  is  superior  to 
the  Faure  or  pasted  plate 

U.I3.  Fnurr  Process 

In  the  making  of  Faure  plates,  the  active  material  is  mechanically  applied  instead  of  being 
electrochemical ly  produced  out  of  lead  plate  itscll  :>.-,  in  Plante  process.  The  active  material  which  is 
in  the  form  uf  red  lead  (PbiO^}  or  litharge  PbO  or  the  mixture  of  the  two  in  various  propotions.  is 
pressed  into  the  interstices  of  a  thin  lead  grid  or  lattice  work  of  intersecting  ribs  which  also  serves  as 
conductor  of  current-  The  plates  after  being  thus  pasted  are  allowed  to  dry  and  harden,  are  then 
assembled  in  weak  solution  of  H;SO,,  of  specific  gravity  I .  f  to  1 .2  and  are  formed  by  passing  an 
electric  current  between  them.  If  plates  are  meant  to  be  positive,  they  ore  connected  up  as  anodes,  il 
negative,  then  as  cathodes.  The  oxygen  evolved  at  die  amide  converts  the  lead  oxide  (Pb,Oj>  into 
peroxide  (PbQ,j  and  at  cathode  the  hydrogen  reduces  PbO  to  sponge  lead  by  abstracting  the  oxygen. 

9.M.  Posltve  Pasted  Plates 

Formation  of  positive  plate  involves  converting  lead  oxide  into  PbO,.  A  high  lead  oxide  like 
PbjO,,  is  used  for  economy  both  in  current  and  Lime,  although  in  practice,  a  mixture  of  PbjOj  and 
PbO  is  taken- the  latter  being  added  to  assist  in  the  setting  or  cementation  of  the  plate. 

't,l5.  Negative  Pasted  Plates 

Faure  process  is  much  belter  adopted  for  making  a  negative  rather  than  a  positive  plate.  The 
ncgauve  material  i.e.  sponge  lead  is  quite  tough  instead  of  being  hard  and  brittle  like  PbO:  and. 
moreover,  it  undergoes  a  comparatively  negligible  change  in  volume  during  the  charging  and  dis- 
charging of  the  cell.  Hence,  il  has  no  tendency  to  disintegrate  <  ir  shed  i  mi  of  the  grid  although  n  Ji m ■:- 
tend  to  lose  its  porosity  and  become  dense  and  so  lose  capacity.  Hence,  in  the  manufacture  of  the 
pasted  negatives,  a  -.mail  percentage  of  certain  substances  like  powdered  pumic  or  graphite  or  mag' 
nes mm  sulphate  or  barium  sulphate  is  added  to  increase  the  porosity  of  the  material  If  properly 
handled,  a  paste  made  with  H2S04,  glycerine  and  PbO  for  mixture  of  PbO  and  PbjO^  results  in  a 
very  good  negative,  because  glycerine  is  carbonised  during  formation  and  so  helps  in  keeping  the 
paste  porous. 
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Fcaure  plates  are  in  more  general  use  because  they  are  cheaper  and  have  a  high  (capacity/ 
weighty  ratio  than  Flame  plates.  Because  of  the  tightness  and  high  capacity /weight  ratio,  such  plates 
arc  used  practically  far  all  kinds  of  portable  service:  like  electric  vehicles,  train  lighting,  car- lighting 
and  strating  etc    But  their  life  is  shorted  as  computed  to  Plante  plates 

9. 1  A.  Structure  of  Fiiun:  I'bitcs 

Usually,  the  problem  of  Faure  type  grid  is  relatively  simple  as  compared  to  the  Plantc  type.  In 
the  case  of  Fuure  plates,  the  grid  serves  simply  as  a  support  for  the  active  material  and  a  conductor 
•:  the  current  and  lis  a  means  for  distributing  the  current  evenly  over  the  active  material.  Unlike 
Plantc  plates,  a  is  not  called  upon  to  serve  as  a  kind  of  reservoir  from  which  fresh  active  maienal  is 
continue*! ly  bmg  formed  for  replacing  that  which  is  lost  in  the  wear  and  tear  of  service.  Hence,  this 
makes  possible  the  use  of  an  alloy  of  lead  and  antimony  which,  as  pointed  out  earlier,  resists  the 
attack  of  acid  and  'forming'  effect  of  current  more  effectively  than  pure  lead  and  is  additionally 
much  harder  and  suffer. 

Because  of  the  harden  in  12  effect  of  antimony,  it  is  possible  to  construct  very  thin  ligh  plates 
which  possess  sufficient  rigidity  to  withstand  the  expensive  action  of  the  positive  active  material. 
Simplest  lypc  oi  grid  consists  of  a  mcshwork  of  veritcal  and  horizontal  ribs  intersecting  each  Otlief 
'l.  ufn  i'orniin_k!  ii  number  of  rectangular  spaces  in  which  the  paste  can  be  pressed  and  allowed  tu  set. 
Such  a  thin  grid  bus  the  disadvantage  that  there  is  not  much  to  'key'  in  the  paste  and  due  to  a  great 
shiKrk  or  vibration  ihc  pellets  arc  easily  'started'  and  so  fall  uuL 

A  much  heller  support  Hi  the  active  material  can  he  given  by  die  construction  illustrated  it)  f:ig 
9.9  which  is  known  as  'basket'  type  or  screened  grid.  The  paste  instead  of  bing  is  isolated  pellets 
forms  a  continuuus  sheet  contained  and  supported  by  the  horizontal  ribs  of  the  gird.  With  this 
arrangement  the  material  can  be  very  effectively  keyed  in. 

Another  type  of  grid  structure  used  in  pasted  plates  is  shown  in  Fig.  910. 
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4.17.  <  ompurison  :  Plan  I  e  and  Kuure  Pint  is 

I    Plant?  plates  have  a  longer  life  and  can  withstand  rapid  discharging  (as  in  traction  work) 
in.tlei  than  Fame's. 

2.  They  are  less  liable  to  disintegration  when  in  use  then  Fame's  plates. 

3.  They  are  heavier  and  more  expensive  than  Faure  plates. 

4.  Planie  plates  have  less  eapacit  v -n>- weight  ratio,  values  being  12  to  21  Ah  per  kg  of  plaie. 
the  corresponding  values  Tor  Faure  plate  being  65  lo  *J0  Ah/kg. 

9, lit.  Interna)  Resistance  and  Cnpiu.it)  or  11  t  ell 

The  secondary  cell  possesses  i  menial  resistance  due  to  which  some  voltage  is  lost  in  the  form  of 
potential  drop  across  it  when  current  is  fioiwng  Hence,  the  internal  resistance  ul  tiie  cell  has  10  be 
kept  10  the  minimum. 

One  obvious  waj  to  lessen  internal  resistance  is  10  increase  the  size  of  the  plates.  However, 
there  is  a  limit  lo  ihis  because  the  cell  will  become  too  big  to  handle.  Hence,  in  practice,  it  is  usual 
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to  multiply  the  number  of  plate  inside  the 
cell  and  to  join  all  the  negative  plates 
together  and  all  die  positives  ones  together 
.ii  ifniw  11.  in  f;ic  9.  1 1 

Hie  effect  is  equivalent  to  joining 
many  cells  in  parallel  At  the  same  time 
the  length  of  die  electrolyte  between  the 
cicemxfes  is  decreased  with  a  consequent 
reduction  in  the  internal  resistance 

The  'capacity'  of  a  cell  is  given  by 
the  product  of  current  in  ampere*  and  the 
time  in  hours  during  which  the  cell  can 
supply  current  until  its  e.mf.  falls  tn  1 ,8 
volt.  It  is  expressed  in  ampere-hour  (Ah). 

The  interlacing  Df  plates  not  only 
decreases  the  internal  resistance  bul  R"  ' 

additionally  increases  the  capacity  of  the  cell  also.  There  Ls  always  one  mure  negative  plate  than  the 
positive  paltes  i.e.  there  is  a  negative  plate  ai  both  ends.  This  gives  nat  only  more  mechanical 
strength  bul  also  assures  thai  both  sides  of  a  positive  plate  are  used. 

Since  in  this  arrangement,  the  plates,  are  qui*  close  to  each  other,  something  mu.xi  he  dune  u> 
make  sure  that  a  positive  plate  docs  not  touch  the  negative  plate  otherwise  an  inieral  short -circuit 
will  take  place.  The  separation  between  the  iwo  plates  is  aclueved  by  using  separators  which,  in  the 
case  of  small  cells,  are  made  of  treated  cedar  wood,  glass,  wool  matt  microporous  rubber  and 
moeroporous  plastic  and  in  the  case  of  large  stationary  cells,  they  arc  tn  the  |'<irm  ol  glass  rods. 
9.19.  Two  Efficiencies  of  the  Cell 

The  efficiency  of  a  cell  can  be  considered  in  two  ways  : 

1.  The  qiuvuirs  rr  ampere-hour  \,Ah\  efficiency 

2,  The  energy  or  watt-hour  (Wh)  efficiency 

flic  Ah  efficiency  does  not  Lake  into  account  die  varying  voltages  of  charge  and  discharge.  The 
Wh  efficknry  does  so  and  is  always  less  than  Ah  efficiency  because  average  p.d.  during  discharging 
is  less  than  that  dunng  charging.  Usually,  during  discharge  the  e.mJ.  falls  from  about  2. 1  V  to 
1 .8  V  whereas  during  charge  it  rises  from  1 .8  volt  to  about  23  V. 

Ah  efficiency  =  gffijgMgg 
amp-houi  charge 

The  Ah  efficiency  of  J  lead-acid  cell  is  normally  between  90  to  95%.  meaning  thai  about 
100  Ah  must  be  put  back  into  the  cell  for  every  90-95  Ah  taken  out  of  it.  Because  of  gassing  which 
Lakes  place  during  the  charge,  the  Ah  available  for  delivery  from  the  battery  decreases.  It  also 
decreases  (f)  due  to  self-discharge  of  the  plates  caused  due  to  local  reactions  and  i  Hi  due  to  leakage 
of  current  because  ol  fauh>  insulation  between  the  cells  of  the  battery. 

The  Wh  efficiency  vanes  between  72-fMKr. 

IF  Ah  efficiency  is  given,  Wh  efficiency  can  be  found  from  the  following  relation  : 

average  volts  on  discharge 

Wh  efficiencv  =  Ah  efficiency  x  ;  —  

J  *       average  volts  on  charge 

From  the  above,  it  is  clear  that  anything  that  increases  the  charge  volts  or  rcduceds  die  discharge 
volts  will  decrease  Wh  efficiency  Because  high  charge  and  discharge  rates  will  do  this,  hence  it  is 
advisable  to  avotde  these. 

V.20.  Kicclrical  Characteristics  of  the  I  cud-acid  Cell 

The  three  important  features  of  an  accumulator,  of  interests  to  an  engineer,  arc  f  I J  voltage 
(2)  capacity  and  Ci>  efficiency. 
I.  Voltage 

The  open-circuit  voltage  ol'  a  luily  charged  cell  is  approximately  2.2  volt    This  value  is  not 
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fixed  hul  depends  on  m)  length  of  time  since  it  was  Last  charged  {hi  specific  gravity-voltage  increas- 
ing with  increases  in  sp.  gravity  and  2_s 
vice  versa.  If  sp.  gravity  comes  near 
to  density  of  water  Le.  1 .00  then  volt- 
age of  the  cell  will  disappear 
althogclher  (r>  temperature -voltage 
tncerea&cs.  though  not  much,  with 
increase  in  temperature. 

The  variations  in  the  terminal 
pjd.  of  a  cell  un  charge  and  discharge 
are  shown  in  Fig.  9. 1 2.  The  voltage- 
fall  depends  on  the  rale  of  discharge. 
Raies  of  discharge  arc  generally 
specified  by  the  number  of  hours 
daring  which  the  cell  will  sustain  the 
rate  in  question  before  falling  to 
1.8  V.  The  voltage  falls  rapidly  in 
(he  beginning  irate  of  fall  depend- 
ing on  the  rate  of  discharge  J,  then  vary  > lowly  up  to  1 .85  and  again  suddenly  to  I  S  V . 

The  voltage  should  not  be  allowed  to  fall  to  lower  than  1.8  V.  otherwise  hard  insoluble  lead 
sulphate  is  formed  on  the  plate  which  increases  the  internal  resistance  of  the  cell. 

The  general  form  of  the  voltage-time  curves 
corresponding  to  3-  50  and  10-  hour  raies  of 
corresponding  to  the  steady  currents  which  would 
discharge  die  cell  in  the  above  mentioned  tunes 
tin  hour  p.  h  will  be  seen  thai  both  die  terminal 
voltage  and  the  rate  at  which  the  voltage  and  the 
rule  at  which  the  voltage  I  alls,  depnti  on  the  rale 
of  discharge.  The  more  rapid  fait  in  voltage  at 
higher  rates  of  discharge  is  due  to  the  rapid 
increase  in  Lhe  internal  resistance  or  the  cell. 

During  charging,  the  pd.  increases  (Fig 
9, 12).  The  curve  is  similar  to  the  discharge  curve 
reversed  but  is  everywhere  higher  due  to  lhe 
increased  density  of  H.SG,,  in  the  pores  of  the 

positive  plme-  Fig,  9.13 

2.  Capacity 

Jt  is  measured  in  amp-hours  f  Ahl  The  capacity  is  always  given  at  a  specified  rale  ol  discharge 
t  ID-hoar  discharge  in  U.K..  N-hour  discharge  in  U.S.A.).  However,  motor-cycle  battery  capacity  is 
based  un  a  20-hour  rate  mt  30"  Cl.  The  capacits  depends  upon  the  following  ! 

(til  Kate  <>/ ditiiuirgr.  The  capacity  ol  a  cell,  as  mca>urcd  in  Ah,  depends  on  lhe  discharge  rate. 
It  dccreusc-i  «,  ilh  increased  rate  of  discharge.  Rapid  rale  of  dishcurge  means  greater  fall  in  p.d.  of  lhe 
cell  due  to  interna]  resistance  of  the  cell  Moreover,  with  rapid  discharge  the  weakening  nf  the  acid 
in  the  pores  of  (he  plaics  is  also  grca'CT.  Hence,  the  chemical  change  produced  at  the  plates  by 
J  ampere  tor  10  hours  is  not  the  same  as  produced  by  2  A  for  5  hours  or  4  A  for  2.5  hours,  1 1  is  found 
that  a  cell  having  a  KX)  Ah  capacity  at  10  hour  discharge  rare,  has  iis  capacity  reduced  to  X2.5  Ah  at 
5-hour  rote  and  50  Ah  at  I  -hour  rate.  The  s  anation  of  capacity  with  discharge  rate  is  shows  in  Fig. 
9.14. 
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(£)  Temperature.  At  high  temperature, 
chemical  re  actions  w  ttkim  the  cell  tajke 
place  more  vigorously. 

(if)  the  resistance  of  the  acid  is  decreased 

and 

(iff)  there  is  a  bcuery  diffusion  of  the  elec- 
trolyte. 

Henee,  high  temperature  incneiiiiefi  the 
capacity  of  the  lead-acid  cell,  Apparently,  it  is 
belter  to  operate  the  battery  at  a  high  tempera- 
ture. However,  at  high  temperatures  : 

U*l  the  acid  acttacks  the  antimony -lead 
alloy  grid,  terminal  pos.Ls  and  wooden  separa- 
tors. 

{b)  dk;  paste  is  rapidly  changed  into  lead 
sulphate.  SuSphatiori  is  always  accompaind  by  expansion  of  paste  particularly  at  the  positive  plates 
and  results  in  buckling  and  cracking  of  the  grid. 

Hence,  it  is  not  advisable  to  work  batteries  above  40"  C 

As  temperature  is.  loweied.  the  speed  of*  chemical  reaclions  is  decreased,  Moreover,  cell  resistance 
aim  increases  Consequently,  the  capacity  of  the  cell  decreases  with  decreases  in  temperature  till  al 
freezing  point  the  capacity  is  reduced  to  zero  even  though  the  battery  otherwise  be  fully  charged. 

ft)  Density  of  electrolyte.  As  the  density  ol  electrolyte  affects  the  internal  resistance  and  die 
vigour  of  chemical  reaction,  it  has  an  important  effect  on  the  eapcity,  Capcity  increases  with  the 
density. 

(J)  Quantity  of  avthv  material.  Since  production  of  elctricity  depends  on  chemical  action 
taking  place  within  the  cells,  it  is  obvious  thai  ihe  capacaily  of  the  battery  must  depend  directly  upon 
the  kind  and  amount  of  the  active  material  employed.  Consider  the  folf owing  calculations: 

The  gram-equivalent  of  lead  is  103.6  grain  and  Faraday's  constant  is  %,500  coulombs  which  is 
-  9bjS<KVi&3Q  =  26.8  Ak  Hence,  during  the  delivery  of  one  Ah  by  the  cell,  the  quantity  of  lead 
expended  to  form  lead  sulphate  at  the  negative  pi  me  is  l(>3.(i/2fc.H  =  3.8G  gram. 

Similarly,  it  can  be  calculated  that,  at  the  same  time,  4.4fi  grain  of  Pbi\  would  be  converted  into 
lead  sulphate  at  the  positive  plate  while  H-fifi  gram  or  acid  would  be  expended  to  form  0.671  gram  of 
waier.  It  is  obvious  that  for  obtaining  a  cell  of  a  greater  capcaity,  it  is  necessary  lo  provide  the  plates 
with  larger  amounts  of  active  material. 

3.  I'.meiciic^ 

i 

It  has  already  been  discussed  in  Art.  9 A 9 
ML  Ratter)  Rulings 

Pol  lowing  standards  have  been  adopted,  boih  by  industry  and  govemmeni  organisjlions  Ui  get 
a  fair  picture  of  battery  quantity  : 

1.  Ampere-hour  t  apacil) 

It  is  a  function  of  the  total  plate  area  i.e.  size  of  the  individual  plate  multiplied  by  the  number  of 
plates.  For  measuring  this  capacity,  the  battery  is  discharged  continuously  for  20  hours  and  its 
current  output  supplied  lo  a  standard  load  is  measured  Suppose  that  a  hattcry  dell  vets  4A  current 
lor  10  hours.  Hence,  its  rating  is  SiO  A  h  which  is  stamped  on  the  battery  ease. 

2.  Reserve  Capacity 

It  is  iijil-  <jf  ilu  newly-dcvektpcd  rating  standard-,  and  is  more  realistic  because  u  porvides  a 
.Itmhh'  chccs  on  the  Alt  figures,  The  capacity  is  given  by  the  number  of  minute*  a  battery  will 
tolerate  a  25  A  drain  without  dropping  below  105  V.  Higher  this  rating,  better  the  battery. 
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S,     /x'rtt  f  rankiiiu  INnvtr 

It  was  Ihc  first  cold  weather  rating  and  is  applicable  in  relation  10  crafts  which  ply  in  freezing 
weather.  This  zero-degree  performance  test  gives  a  valuable  insight  ink?  battery  quality.  Large 
batteries  are  tested  at  n  300  A  drain  with  battery  chilled  to  -  I8"C  (0°F)  whereas  smaller  sizes  are 
tested  at  half  this  value. 

This  test  consists  of  two  part  Icr)  the  battery  is  firm  chilled  lo  -  I8"C  iO'F}  and  the  load  applied 
for  5  second.  Meanwhile,  the  voltage  output  is  recorded,  it  is  the  first  pan  of  ihc  zero-cranking- 
power  rating,  (h)  The  test  is  continued  further  lill  voltage  drops  in  5  V.  The  number  of  minutes  it 
takes  to  reduce  the  voltage  lo  5  V  forms  the  second  half  of  the  rating.  Higher  both  the  digits,  boner 
i he  battery  quality. 

4.    t  Villi  (ranking  Power 

This  simple  rating  is  applied  to  all  12-V  storage  batteries  regardless  of  their  size.  The  buttery  is 
loaded  at  -  I8DC  (O'F)  till  the  total  voltage  drops  to  7.2  V.  The  output  current  in  amperes  is  mea- 
sured Cor  30  seconds.  Higher  ihc  output,  belter  ilie  hattej  j 

Example  9.9.  An  alkaline  tell  is  di.u  lutrged  til  a  steady  current  of  4  Afar  12  hours,  the  mmugt 
tennintds  voltage  Ifeing  f.l  V-  To  restore  it  to  it.i  original  state  of  charge,  a  steady  current  at  i  Afar 
20  hours  h  required,  the  average  terminal  voltage  being  1.44  V.  Calculate  ihc  ampere-hout  (Ak) 
i  ifiricncv  and  Wli  effh  iatcv  ill  this  fhirtit  utur  case 

(Principle  «r  Ulect.  Kn^.d.  ,|ail;opur  I  nb.  I'>K7< 

Solution.  As  discussed  in  Art.  9.19 

Ah  of  discharge  12x4 

Ah  efficient:  v  =  f  .  —  =  =0.8  or  80% 

Ah  o  I  charge  20x3 

,.    ax  -  ^    A  v.  volls  on  discharge     0  8  x  I  1    n  £,-  ,,, 

Wh  efficiency  =  Ah  effix  —       ,  =  —  •         =  (1,667     or  hh.l'/t 

Av,  volts  on  charge  I A  J 

Example  9.10.  ,1  dtschrged  hatter}  i\  i  barged  at  H  Afar  2  hours  after  which  il  i.v  di.scluaged 
through  a  resistor  of  ft  ft  If  discharge  period  is  d  hours  and  the  terminal  voltage  remains  fi\ed  at 
12  V,  find  the  value  >f  R  assuming  the  Ah  efficiency  oftiw  battery  <w  80%. 

Solution.  Input  amp-hours     =  8  *  1  =  16 

Efficiency  »  (Ml    i    Ah  output  1 6  x  0.8  =  1 2.8 

Discharge  current  -  12.8/6  A        R-  =      J"  =5.fiQ 

IJ.fi/O  Iz.o 

".22.  Indications  of  a  Full-charged  Cell 

The  indications  of  a  fully-charged  cell  are  ; 

(f)   gassing  (ii)  voltage  {Hi}  specific  gravity  and  (iY)  colour  of  the  plates. 
ill  Gas-sine. 

When  die  cell  is  fully  charged,  il  freely  give*  off  hydrogen  at  cathode  and  oxygen  at  the  anode, 
the  process  being  known  us  '"Gassing"  Gassing  ul  both  plates  indicates  that  the  current  is  no  longer 
dning  any  useful  work  and  hence  should  be  stopped.  Moreover,  when  the  cell  is  fully  charged,  the 
electrolyte  assumes  a  milky  appearance. 

(fj'l  Voltage 

The  voltage  ceases  to  nse  when  the  cell  becomes  fully-charged.  The  value  of  the  voltage  of  a 
fully-charged  cell  is  a  variable  quantity  being  affected  by  the  rale  of  charging,  the  temperature  arid 
spectrfic  gravity  of  the  eleclalyte  etc.  The  approximate  value  of  the  c.m.f.  is  1.1  V  or  no. 

(iii)  Specific  Gravity  of  (he  Electrolyte 

A  Utird  indication  of  the  statu,  of  charge  of  a  battery  is  given  by  the  specific  gravity  of  the 
electrolyte  Wc  have  seen  from  the  chemical  oquaitons  or  An.  y.9;  that  during  discharging  .  the 
density  or  electrolyte  decreases  due  to  other  production  of  water,  whereas  it  increases  during  charg- 
ing due  10  the  absorption  °f  water.  The  value  of  density  when  the  cell  is  fully  charged  is  1.21  and 
1.18  when  discharged  up  to  1,8  V,  Specific  grax  ity  con  be  measured  wiih  a  suitable  hydrometer 
which  consists  of  a  final,  a  chamber  for  the  ek-.  i,<  '     and  a  squeeze  bulb. 
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tin  Colour 

The  colour  plates,  on  full  charge  is  deep  chocolate  brown  for  positive  plate  and  clear  slate  gray 
for  negative  plate  and  the  cell  looks  quite  brisk  and  alive. 

9.23.  Applications  of  L  tad-acid  Hut  (t  ries 

Storage  haiieries  are  these  days  used  for  a  great  variety  and  range  of  purposes,  some  of  which 
are  summarised  below  : 

1  In  Central  Stations  fur  supplying  the  whole  load  during  light  load  periods,  also  to  assist  the 
generating  plant  during  peak  load  periods.  For  providing  reserve  emergency  supply  during  periods 
of  plant  breakdown  and  finally,  to  store  energy  at  limes  when  load  is  light  for  use  at  lime  when  load 
is  Lit  its  peak  value. 

2  In  private  generating  plants  both  for  industrial  and  domestic  use.  for  much  the  same  pur- 
pose as  in  Central  Stations. 

3.  In  sub-stations,  they  assist  in  maintaining  the  declared  voltage  by  meeting  a  part  of  the 
demand  and  m>  reducing  the  load  on  and  the  voltage  deop  in.  the  feeder  during  peak-load  periods. 

4  As  a  power  source  for  industrial  and  mining  battery  locomotives  and  for  road  vechicks  like 
cars  and  trucks. 

5.  As  a  power  source  for  submarines  when  submerged. 

6.  Marine  applications  include  emergency  or  stand-by  duties  in  case  of  failure  of  ship's  elec- 
tric supply,  noma!  operations  where  batterers  are  subjected  to  regular  cycles  of  charge  and  discharge 
and  for  supplying  low-voltage  current  to  bells,  telephones,  indicators  and  warning  systems  etc. 

7.  For  petrol  motor-car  starting  and  ignition  etc. 

R  As  a  low  voltage  supply  for  operating  purposes  in  many  different  ways  such  as  high-tension 
switchgear,  automatic  telephone  exchange  and  repealer  stations,  broadcasting  stations  and  for  wireless 
receiving  sets. 

9.24.  Volhigr  KeguLalur* 

As  explained  m  Art.  9.20.  the  voltage  of  a  battery  varies  over  a  considerable  range  white  under 
discharge.  Hence,  it  is  necessary  to  find  some  means  to  control  rheostat 
the  battery  v ullage  upto  the  end  su  as  to  confine  variations 
within  reasonable  limits  -  these  limits  being  supplied  by  the 
battery 

I  fiu-  voltage  control  systems  may  be  hand-operated  or 
automatic.  The  simplest  form  of  hsnd-ope rated  control  consist* 
of  a  rheostat  haivng  a  sufficient  number  of  steps  so  thai 
assistance  can  be  inserted  in  die  circuit  when  battery  is  fully 
charged  and  gradually  cut  out  as  the  discharge  continues,  as 
shown  in  Fig  9-1 5. 

The  above  system  can  be  designed  for  automatic  opertion  as  shown  in  J-"ig.  9.16.  A  rise  in 
voltage  results  in  the  release  of  pressure  on  the  carbon  block  rheostat,  thereby  increasing  its  resis- 
tance whereas  a  fall  in  voltage  results  in  increasing 
the  pressure  on  the  block  thereby  decreasing  its  re- 
sistance, By  this  automatic  variation  of  control  re- 
sistance, variations  in  battery  voltage  are  automati- 
cally controlled. 

*>.25,  r.nri-ccll  Control  System 
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The  use  of  rheostat  for  controlling  the  battery 
voltage  is  objectionable  especially  in  large-capacity 
installations  where  the  fR  loss  would  be  considerable. 
Hence  other  more  economical  systems  have  been 
developed  and  put  into  use.  One  such  system  is  die  frig. 
end-cell  control  system.  U  consists  of  suitable 

regulator  switches  which  cut  one  or  more  of  a  selected  number  of  cells  out  or  the  circuit  when  the 
battery  is  fully  charged  and  into  the  circuit  again  a>  the  discharge  continues.  To  make  the  process  of 
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culling  cells  in  and  nut  at  the  battery  circuit 
simple,  the  group  of  cells  selected  for  this 
control  is  si  mated  at  one  end  of  the  battery 
whereform  is  derives  the  name  end  celt.  By 
moving  the  contact  aim  of  the  switch  to  the 
left  or  right,  cells  are  cut  in  or  out  of  the 
discharge  circuit  and  so  the  voltage  is  varied 
accordingly. 

For  making  the  end-cell  switch  operate 
without  opening  the  circuit  or  shurteireuiting 
the  cells  during  its  passage  from  one  cell  to 
another,  an  auxiliary  constraint  S2  is  employed, 
prevents  the  circuit  from  being  open  entirely 


hut  has  sufficein!  rcsislnaec  R  between  it  and  the  main  contact  arm  S,  to  prevent  any  objectionably 
large  current  to  flow  on  short-circuit.  The  above  mechanism  usually  incroporales  devices  for 
preventing  the  stoppage  of  the  switch  in  the  short-circuit  position. 

y~2ft.  Number  of  End-cells 

For  maintaining  K  supply  voltage  of  V  volts  from  a  battery  of  lead- acid  cells  when  lite  latter  are 
approaching  their  discharge  voltage  of  1,83  [depending  on  the  discharge  rate),  the  number  of  cells 
required  is  V71.R3-  When  the  battery  is  fully  charged  with  each  cell  having  an  e.m.f.  of  2. 1  V,  then 
the  number  of  cells  required  Is  V72.1.  Hence,  the  number  of  end-cells  required  is  (V7I  S3  -  V/2A ), 
These  are  connected  to  a  regulating  switch  which  adds  them  in  series  with  the  battery  one  or  two  at 
a  lime,  as  the  discharge  proceeds. 

**.27.  (Tmi  m i iy  Systems 

In  various  installations,  batteries  are  kept  floating  on  the  line  and  are  so  connected  that  they  are 
being  charged  when  load  demands  are  light  and  automatically  discharged  during  peak  periods  when 
load  demands  are  heavy  or  when  the  usual  power  supply  fails  or  is  disconnected-  In  some  other 
instaliauons,  the  battery  is  connected  to  die  feeder  circuit  as  and  when  desired,  allowed  to  discharge 
to  a  certain  point,  then  removed  and  re-charged  for  further  requirements. 

For  batteries  other  than  the  'floating'  and  '.system-governed'  type,  following  two  general  methods 
(though  there  are  some  variations  of  these)  are  employed. 

(f)   The  Comiant  current  System  and  (ji)  The  Cot\\tm\t-voltu$e  SyxJent. 

Oinsliml-currcnl  System 
la  this  method,  the  charging  eurrenl  is  kept  constant  by  varying  (he  supply,  voltage  to  overcome 
the  increased  back  e.m.f.  or  cells.  If  a  charging  booster  (which  is  just  a  shunt  dy  nanw  directly  driven 
by  a  motor)  is  used,  ibe  current  supplied  by  it  can 
be  kept  constant  by  adjusting  its  excitations.  If 
charged  on  a  d.c.  supply,  the  current  is  controlled 
by  varying  the  rheostat  connected  in  the  circuit. 
The  value  of  charging  eurrenl  should  be  so  cho- 
sen that  there  would  be  no  excessive  gassing  dur- 
ing Jinal  stages  of  charging  and,  also,  the  cell  tem- 
perature does  not  excess  45°C.  This  method  takes 
a  comparatively  longer  time. 

').!*>.  Constant-voltage  System 

In  this  method,  the  voltage  is  kept  constant  but  it  results  in  very  large  charging  eurrenl  in  die 
beginning  when  the  back  e.m,f,  of  the  cells  is  low  and  a  small  current  when  their  back  e.m.f.  increases 
on  being  charged. 


Fig,  '). IK 
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With  this  methtfd,  time  of  charging  is  alamst  reduced  to 
half.   It  increases  the  capacity  by  approximately  20%  bur  9" 
reduces  the  efficiency  by  10%  or  so. 

Calculations 

When  a  secondary  cell  or  a  battery  of  such  cells  is  being 

charged,  then  the  ertif  of  the  cells  acts  in  opposition  to  ihe  £  

applied  voltage,  if  V  is  the  supply  voltage  which  sends  a 
charging  current  of  f  against  I  he  hack  e,mX  Eb.  then  input  is  Fig,  9. 

V!  hul  the  power  spent  in  overcoming  the  opposition  (Fig. 

9.19)  is  EfJ,  This  power  fiUt  is  converted  into  the  chemical  energy  which  is  stored  in  the  cell.  The 
charging  current  can  be  found  from  the  following  equation  : 

V  -  Eh 


i  = 


3fe 


R 

where  R  =  total  circuit  resistance  including  internal  resistance  of  the  battery 

/  =  charging  current 
By  varying  /?,  the  charging  current  can  be  kept  constant  throughout, 

i:\iitnpk-  VAl.  .-I  hoitn  \  oj  accumulators  of  r.m.J  W  votl  and  internal  rc\\\huu  >■  2  £1  is  charged 
on  l<H>  volt  direct  means.  What  series  re  sis  fume  will  be  required  to  give  a  charging  current  of  2  \  ' 

if  the  price  tfmffgy  »  50  paisc  per  k  Wb.  »  hat  will  it  cml  tit  charge  ihe  Itutlery  fur  H  hours  am! 
what  percentage  oj  on  rjf.v  supplied  will  be.  used  in  llie  jorm  of  heat  ? 

Solution.  Applied  voltage  p  100  V;  Back  e.m.f.  oF  Lhe  battery  =  50  V 

Net  charging  voltage  =  100  -  50  =  50  V 

Let  R  be  the  required  resistance,  then  2  -  5Qf(R  +  21:  R  =  46/2  =  23  II. 
Input  for  eight  hours  =  100 *  2  x  8  =  1600  Wh=  1-6  kWh 

Cost  =  50  x  I J5  =  Ml  puise;  Power  wasted  cm  total  resistance  =  25  x  21  -  100  W 
Total  input  =  100  *  2  =  2m  W  :  Percentage  waste  =  100  x  100/200  =  5<l  % 
I-Aumple  *>.I2.   \  f.<  i  ell  '.'  '-  i  rv  ic  he  charged  at  a  constant  rate  of  It)  A  from  a  24  \ 

d.c.  supply  II  the  e.m.j.  oj each  cell  as  the  beginning  mid  end  of  the  charge  is  /.V  V  and  2.4  V.  what 
dioitl,!  h<  flic  value  oj  mtiximutn  resistance  to  be  connected  in  series  with  the  battery.  Resistance  of 
lhe  batten  is  negligible. 

Soluliuu.  Ik'Kimiirig  nf  Charging 

Total  back  cm.f.  of  battery      =  6  x  1.9  =  1 1.4  voh 

Net  driving  voltge  =  24  -  1 1.4  =  12.6  V  ;  R^  »  [2.6/10  =  1.26  £1 

Fnri  of  Charging 

Back  e.rn.f.  of  battery  =  6  x  2.4  -  14.4  ujJe 

Net  driving  voltage  -  24  —  1 4.4  =  9-6  V;  /Zmi„  =  9,6/10  =  U.9*  fl 

Kxumple  9.  1.1.  /  hinv  accumulators  /i,nv  to  be  charged  from  their  initial  voltage  of  I  fi  V  using 
a  direct  current  supply  „f.V>  volt.  Each  cell  has  an  internal  resixtance  of  0.02  Q  and  can  lie  charged 
at  5  amperrx.  Sketch  a  circuit  by  which  this  can  he  done,  calculating  the  value  of  any  rruutotce  or 
rrMstaiices  sued.   What  will  hr  the  current  taken  it  on-  ;•„•  wants  towards  flic  end  oj  the  charging 

I  it  iic'  ■■  hen  ttn-  eoll.i^,  Iia .  >>m-Ii  to  2.1  \o!t  rill 

Solution.  Since  the  supply  voltage  (36  V)  is  less  than  the  back  e.m.f.  of  the  30  cell  battery 
f 54  V),  hence  rhe  ceils  are  divided  into  two  equal  group*  and  placed  in  parallel  across  lhe  supply  for 
charging  as  shown  in  Fig.  9,20.  It  would  be  economical  to  use  a  sepaite  resitanee  R  in  series  with 
each  group. 
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Here 


V  =  16  V,  £A=  15  x  1.8  -  27  V 


Internal  resistance  of  each  parallel  group 
=  15x01)2  =  0.3  tl 
„     36  -  27 

Charging  current  =  5 A  .\    =  ^    ^  ^ 
ft  »■  1.5  O 

Now,  when  the  voltage  per  cell  hc.enmes  2.1  V,  then 
back  e.tn.f.  of  each  parallel  group  =  15  x  2  J  =  31  Js  V 

36-31.5 


Charging  current  - 


2.5  A 


3n  V 


Fig.  9.211 


1.5  +  0.3 

Rumple  9.14.  :\  battery  ,>j  hi)  veils  u  .harmed  trntn  a 
nftpft  2)0  Vr.  Ecu/;  cW/  /wo  <m  <\m.f.  nj  2  »*»/r>  «/  r&r 
vwirf  <  hitt  er  and  1.5  V  at  tiicw  end.  I]  internal  resistance  oj 
each  felt  is  C.  /  LJ  ti/></  if  there  is  an  external  rexi.itartce  of  19£lin  the  Circuit,  calculate \a)  the  initial 
i  hargiux  current  >.l>l  ftte  final  chaigittn  current  and  fcl  the  additional  rvxisfunrc  wfitcli  must  In 
added  ti>  gt  w  a  ftnishtnx  i  lmtt<t  of  2  A  rate. 

Solution,  {a)  Supply  voltgc  V  =  250  V 

Back  c  m.f.  of  the  battery     at  start  =  60  *  2  =  120  V  and  til  tlie  end  =  60  x  2  5  =  1 50  V 


=  60x0.1  =  6  O 
=  19  + 6  =  25  Q 
=  250-  120=  130  V 
=  130725=  5-2  A 
=  100/25  =  -•  V 


I 


i 


■:btl 

I 


Internal  resistance  (if  the  battery 
Total  circuit  resistance 
i , ,  i  Net  charging  voltage  at  start 
Initial  charging  current 

(hi  Final  charging  current      =  100/25=  V-250 
(c)  Let  K  be  the  external  resistance,  then 

•       2=/f?6     *    *-«K-44Q  Fig.  9.21 

»-,    Additional  resistance  required  =  44  -  19  =  25  Q. 

Kvmnple  9,15,  7  v\a  hundred  and  t»  ent\  lama?,  at  tfH>  U  ,  ,iclt  .at'  if  he  run  an  u  ftMr^  rifff^ 
at  110  V.   The  cell',  nf  tin  haiia-v  .yhen  fstl/v  chained  haw  tin  t  m.f  of  2.1  V  ra.  h  and  ■vhen  di.i 
cliargcd  IM3  V  each.  If  the  internal  resistance  p-.r  i  <■''  is  (l<lt)0!5  Hid  find  the  number  ,>f  ,  ,11*  in 
the  Ihitlen:  and  Un  the  number  <>f  end  cells    Take  the  resistance  of  the  connecting  icircs  <'n  0  lit)''  '. ' 

Snlullun.  Current  drawn  by  lamps  -  220  *  100/1 10  =  200  A 
Voltgc  dnjp  on  the  resistance  of  the  connecting  wires  =  0.005  x  2(10  =  1.0  V 
Battery  supply  voltage  =110+1  =  111  V 
Terminal  voltage/cell  when  fully  charged  anil  —  1- 

supplyuig  the  load 


=  2.1  "(200x0,00015}  =  2.08  V 
Terminal  Vullge/eetl  when  discharged 
=  1.83 -(200  x  0.00015;=  1.8  V 
01  No.  of  cells  in  the  battery  =  1 1 1/2.08 
=  53.4  Bay,  5-1 

(ff)  No.  of  cells  required  when  discharged 
=  111/1.8  =  62 

Hence,  number  of  end  cells  =  62  -  54  =  N 
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fig,  4.22 
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The  connections  are  shown  in  Fig.  9.22. 

Fxaniplc  V.16.  A  starage  batten  <  onsiMs  of 55  irrcn-4  onnected  i  ri/i  tin  'r  of  internal  ii  \i.\timcr 
0.00!  Q  ami  e.m.f.  2.  I  V.  Each  cell  consist  \  of  2 I  /'dues  ten  positive  ami  eleven  negative  rat  h  plate 
tneasitrini:  20  *  25  oil  If  full- load  current  per  ceil  is  0.0}  A  per  cm'  $f  positive  plate  surface,  find 
a)  full-load  terminal  r,  '/,'ouf  of  die  iuniei  >  ami  irji  /.wmrf  K-cuin/  i/i  the  hotter*  it  the  connc  tut  s 
have  4i  total  resistance  of  0.025  il 

Solution.  Since  both  sides  of  u  positive  plate  ore  utilized,  the  area  of  both  sides  will  be  taken 
into  consideration. 

Total  area  (both  sides)  often  positive  plates  =  2  x  20  x  25  x  10=  10,000  cm1 
Full  load  cunem  =  10.000  x  0.01  =  l<Xl  A 

Voltage  drop  in  battery  and  across  connectors  ■  100  ({55  x  0.001  j  +  0.025 1  =  8  V 
Battery  e.rn.f.  =  55  x  1 2  =  1 1 5.5  V 

If)  Battery  terminal  voltage  on  full-load  =  1 15.5  -  H  =  107 J  V 

tm  Total  rfisismiiiTL-  -  (55  *  f>  001  i  +  0.(125  =  0.08  il:  Power  loss  =  IfXT  *  0.08  =  sua  \\. 

trample  9.17.  ,\  charging  lxn>s f<*r  Ishimi  ci  nouioi » f.i  rr>  charge  a  vrorwiy  hattei\  »f  100  cells 
each  <>(  mlenuit  resistance  0.001 11  Terminal  p.J.  of  each  ceft  at  completion  of  charge  is  2.55  V. 
Calculate  the  e.nt.}.  \\hieh  the  booster  must  generate  to  give  a  charging  current  ot  2n  .\  a'  tht  end  a 
charge  The  armature  and  shunt  field  resistances  of  the  generator  are  0.2  and  25H 11  respecmvly 
and  the  reststuiice  of  the  cable  connectors  i.v  fJ05  il 

Solution.  Terminal  p.d.  per  cell  =  2.55  volt  ,        „  ,o.O2stJ20A 

The  charging  voltage  across  the  battery  must  be  capable 
of  overcoming  the  back  c  ml.  and  also  to  supply  the  voltage 
drop  across  the  internal  resistance  of  the  batter} .  25sn 

Back  e.m.f.  =  100  x  235  =  235  V 

Voltage  drop  on  internal  resistance 

-  100  x  0.001  x  20=2  V 

.-.    P.D.  across  points  A  and  B  =  255  +  2  =  257  V 

PX>.  across  terminals  C  and  D  Of  the  generator  9»W 
=  257  +  ( 20  x  0.05)  =  258  V 

/„  -  25S/25K  =  1  A:  /,  =  20  +  I  =  2 1  A 
/„r?u  =  21  x  0.2  =  4.2  V 
..    Generated  e.mJ  =  258  +  -1.2  =  262.2  V 

Tutorial  Problems  No.  '',2 

t,  A  60-ccll  storage  battery  having  a  capacity  of  360  Ah  takes  8  hours  when  charged  by  a  dc  gcnnitor  D1 
;■  vnltuge  of  220  V.  Calculate  ibe  charging  current  an  J  the  range  of  the  rtietwiat  retiuircd  n>  ensure  .i 
constant  charging  tunrcnl.  The  emf  of  each  cell  is  1 .8  V  at  the  beginning  of  charging  and  2.7  V  ai  the 
end  of  the  charging  Ignore  the  interna!  resistance  of  the  cell.  |  -15  \;  2.45  tn  1.2V  12) 

2.  A  storage  battery  consists  of  55  series  connected  cells  each  of  internal  resistance  t).(K) I  U  mid  e_m.f. 
—  I  V  Each  cell  consists  of  21  plates.  Icu  positive  and  eleven  ncgatisx.  each  plntc  measuring  20  x  25 
cm.  tf  full -load  current  per  cell  is  0.01  A  per  cm'  ot  positive  plate  surface,  find  in  full-load  usmhul 
mirage  ■>[  die  baiim  uml  (in  power  untted  in  Ihe  baiim  it  Ihe  mnrreciors  have  j  total  resistance  ul 
0.IJ25  Q.  [(it  107 J  V  iw  (  HOU  \\  ] 

9.30.  Trickle  Charging 

When  a  storage  nailery  is  kept  entirely  an  an  emergency  reserve,  it  is  very  essential  that  it  should 
be  found  fully  charged  and  ready  fur  service  when  an  emergency  arises.  Due  to  leakage  action  and 
other  open-circuit  tosses,  the  battery  delenoraUts  even  when  idle  or  on  open-circuit.  Hence,  to  keep 
it  fresh,  the  hatters'  is  kepi  on  a  trickle  charge.  The  rate  of  trickle  charge  is  small  and  is  jusl  sufficiem 
to  balance  the  open  circiol  losses  For  csamplc.  a  slamlby  battery  for  station  bus-bars  capable  ol 
giving  2000  A  for  I  hour  or  400  Ah  at  ihe  10-hr  rate,  will  be  having  a  normal  charging  rate  of 
555  A.  but  a  continuous  'trickle'  charge  of  I  A  or  so  will  keep  the  cells  fully  charged  (without  any 
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gassing)  and  in  perfect  condition.  When  during  an  emergency,  the  battery  gets  discharged,  h  is 
recharged  at  us  normal  charging  rate  and  then  is  kept  on  a  continuous  trickle  charge. 

f.3l.  Sulpfmliun-l'auses  mid  Cure 

If  a  cell  is  left  incompletely  charged  or  is  not  fully  charged  periodically,  then  the  lead  sulphate 
formed  during  discharge,  is  not  converted  back  into  RjO,  and  Mv  Souk-  of  the  unreduced  PbSO, 
which  is  left,  gels  deposited  tin  the  plate-,  which  arc  then  said  lo  he  sulphated.  PbSO,  is  in  [he  form 
of  minute  crystals  which  gradully  increase  in  size  if  not  reduced  by  thoroughly  charging  the  cells,  li 
increases  the  internal  resistance  of  the  cell  thereby  reducing  its  efficiency  and  capacity.  Sulphation 
also  sets  in  if  the  buttery  i.\  overcharged  or  left  discharged  for  ;i  long  lime. 

Sulphatcd  cells  can  he  cured  by  giving  them  successive  overcharges,  for  which  purpose  they  are 
cut  exit  of  the  battery  during  discharge,  so  that  they  can  get  two  charges  with  no  intervening  dis- 
charge. The  other  method,  in  which  sulphatcd  cells  need  not  be  cut  oui  ot  the  buttery  ,  is  to  continue 
charging  them  with  a  'milking  booster  even  after  the  battery  us  u  whole  has  been  charged.  A 
milking  booster  is  a  motor-driven  low-voltage  dynamo  which  i_an  be  connected  direcly  across  the 
terminals  ol  the  sulphatcd  cells. 

9J2,  Maintenance  or  I. cad-acid  Cells 

The  following  important  points  should  be  kept  in  mind  for  keeping  the  haitery  in  good  condition" 
I    Discharging  should  not  he  prolonged  after  the  minimum  value  of  the  voltage  for  the  par- 
ticular rule  nf  discharge  is  reached. 

2.  Il  should  not  be  left  in  discharged  condition  for  lung. 

3.  The  level  of  the  electrolyte  should  always  be  10  to  15  mm  above  the  lop  of  the  plates  which 
must  not  be  left  exposed  to  air.  Evaporation  of  electrolyte  should  be  made  up  by  adding 
distilled  water  occasionally . 

4.  Since  acid  docs  not  vaporise,  none  should  be  added. 

5.  Vent  openings  in  the  filling  plug  should  be  kept  open  to  prevent  gases  formed  within  from 
building  a  high  pressure. 

ft   The  acid  and  corrosion  on  the  battery  top  should  be  washed  off  with  a  cloth  moistened  with 

baking  soda  or  ammonia  and  water 
7    The  battery  terminals  and  metal  supports  should  be  cleaned  down  to  bare  metal  and  covered 

with  vaseline  or  petroleum  jelly. 
Main  Operated  Mattery  ( 'harpers 

A  haitery  charger  is  iui  electrical  device  that  is  used  lor  putting  energy  into  a  battery  The 
battery  charger  changes  the  a.c.  from  the  power  line  into  d.c.  suitable  for  charger  However,  d.c. 
generator  and  ahcmainrs  are  alsn  used  as  charging  sources  for  secondary  batteries. 

In  general,  a  mains-operated  battery  charger  consists  of  the  following  elements 

1 .  A  step-down  transformer  lor  reducing  the  high  a.c.  mains  voltage  l*>  a  low  a.c  voltage 

2.  A  half-wave  or  full-wave  rectifier  for  converting  alternating  current  into  direct  current 

3.  A  charger-current  limiting  element  for  preventing  the  llow  of  excessive  charging  current 
into  the  battery  under  charge. 

4.  A  decice  for  preventing  the  reversal  of  current  i.e.  discharging  of  the  battery  through  the 
charging  source  when  the  source  voltage  happen*,  to  fall  below  ibe  battery  voltage 

hi  addition  lo  ihe  above,  a  baitcry  charger  may  also  have  circuitry  lo  monitor  (he  battery  voltage 
and  automatically  adjust  the  charging  current.  Il  may  also  terminate  the  charing  process  when  the 
hatlery  becomes  fully  charged.  However,  in  many  cases,  the  charging  process  is  noi  totally  leimi 
naled  but  only  the  charging  rate  is  reduced  so  as  lo  keep  the  battery  on  trickle  charging  fhesc 
requirements  have  been  illustrated  in  Fig.  924. 

Most  of  the  modem  battery  chargers  are  fully  protected  against  die  following  eventualities 

ia)  They  are  ahle  to  operate  into  a  short-circuit. 

Ujj  They  are  not  damaged  by  u  reverse-connected  btiltery 

i.  )    IliCv  lire  operate  into  a  loudly  Hal  battery. 
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id)  They  can  be  regulated  both  tor  current  and  voltage. 
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Car  Battery  Charter  Vsm%  SCR 

Fig.  9.25  shows  the  circuilry  of  a  very  simple  lead-aeid  battery  charger  wlueh  lias  been  provided 
protection  from  load  shon-circuit  and  from  reverse  battery  pohirily.  The  SCR  is  used  as  a  half-wave 
rectifier  as  well  as  switching  element  to  terminate  die  high-current  charging  process  when  battery 
gets  fully-chargcd. 

Working 

The  SCR  acts  as  a  hair- wave  rectifier  during  only  the  positive  half  cycles  of  the  secondary 
voltage  when  point  M  in  Fig,  ^.25  is  at  a  positive  potential.  The  Si.'R  does  run  conduct  during  the 
negative  half-cycle  of  the  secondary  voltage  when  point  M  achieves  negative  potential,  When  M  is 
at  positive  potential,  the  SCR  is  triggered  into  conduction  because  of  the  small  gets  current  /  passing 
via  /?,  and  diode  Dv  In  this  way,  the  charging  current  /  after  passing  through  R,  enters  the  battery 
which  is  being  charged. 

In  the  initial  stale,  when  the  battery  vokge  is  low,  the  potential  of  point  A  is  also  low  (remember 
that  Ry  R4  and  preset  resistor  Rb  are  connected  across  the  battery  via  R5)  which  means  thai  the 
lorward  bias  on  the  base  of  transistor  T  is  not  sufficient  tu  make  it  conduct  and  thereby  stop  the 
conduction  of  SCR,  Hence,  SCR  keeps  conducting  the  consequently,  keeps  charging  the  battery 
through  the  current  limiting  resistor  Rs, 
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As  the  battery  gels  progressively  charged,  iLs  voltage  rises  and  when  il  becomes  fully  charged, 
the  potential  of  point  A  increases  thereby  increasing  the  forward  bias  of  7"  which  starts  conducting, 
hi  thai  ca.se,  T  bypasses  the  triggering  gate  current  uf  the  SCR  via  /?,  and  Dy  Since  die  SCR  can  no 
longer  be  triggered,  die  charging  process  stops.  However,  a  small  trickle  charging  current  keeps 
flowing  via.  R\  and  D2.  The  function  of  diode  /_>,  is  lu  prevent  reverse  How  of  the  current  through 
the  battery  when  point  M  has  negative  potential  during  the  negative  cycle  of  the  secondary  voltage. 
The  value  of  trickle  charging  current  is  determined  by  /?,  because  Ry  has  a  fixed  but  small  value.  The 
resistor  Rt  also  limits  the  flow  of  excessive  charging  current  when  the  charger  is  connected  to  a 
completely  dead  battery. 

The  charger  described  above  is  not  suitable  for  fast  charging  because  it  utilizes;  half- wave  recti- 
fication. Most  of  the  mains-operated  chargers  working  on  a  single-phase  supply  use  a  full-wave 
rectifier  consisting  of  a  center-tapped  Lamsfomner  and  two  diodes  or  a  bridge  circuit  using  far  di- 
odes. 

V„1S.  Automobile  Buttery  Charger  usinj!  Full- Have  Reciifier 

The  battery  charger  shown  in  Fig.  9.2b.  is  used  to  recharge  run-down  lead-acid  batteries  in 
automobiles  without  removing  them  from  their  original  mountings  and  without  any  need  for  constant 
attention.  When  the  battery  is  fully  charge,  the  circuit  automatically  switches  from  charging  current 
to  trickle  charging  and  an  indicator  lamp  lights  up  to  provide  a  visual  indication  of  this  condition. 


A*  shown  in  Fig.  diodes  Dv  and  D7  form  a  full- wave  reed  Tier  to  provide  pulsating  direel 
current  lor  charging  the  huliery.  The  battery  is  charged  through  the  SCR  which  is  also  used  as  switch 
to  terminal  the  charging  process  when  die  haiicry  becomes  fully  charged.  T'lie  two  transistors  F, 
and  T2  together  fbmi  an  electronic  switch  lhal  has  two  stable  states  i.t.  die  ON  *taie  in  which  and 
T,  conduct  and  the  OFF  state  in  which  7",  and  7",  do  not  conduct.  The  ON-OFF  state  of  this  switch 
is  decided  by  the  battery  voltage  and  setting  of  the  "current  adjust"  potentiometer  R, . 

Working  ■ 

When  switch  S  is  turned  on,  the  full -wave  recalled  output  oi"  Z>,  and  charges  capacitor  C 
dirough  /?,.  lamp  L  and  Rv  In  a  very  short  time,  capacitor  voltage  rises  high  enough  to  make  diode 
D?  conduct  the  gate  current  thereby  triggering  SCR  into  conduction  during  each  half-cycle  of  the 
output  voltage.  Hence,  full  charging  currenl  is  passed  through  the  cathode  K  of  the  SCR  to  the 
positive  terminal  of  the  buttery  whose  negative  terminal  is  connected  directly  to  the  center  tap  oi  ihc 
step-down  trans  I  ore  me  r  Resisior  R,  limits  the  charging  currenl  to  a  sale  value  in  order  to  prolecl  ihc 
recdfier  diodes  !)i  and  D2  in  case  the  load  happens  to  be  a  "dead"  battery. 

When  the  hatteiy  is  being  charged  and  has  low  voltage,  the  two  transistors  T,  and  7,  remain  in 
the  non-conducting  slate.  However,  when  the  battery  voltage  rises  and  Finally  the  battery  becomes 
fully-charged,  the  two  transistors  T]  and  T7  (which  from  a  regenerative  switch)  are  triggered  into 
conduction  at  a  point  set  by  /ffi.  In  ihis  way.  Tt  and  7";  provide  a  low-impedance  discharge  paih  for 
C  Hence.  Cdischargcs  through  K,  and  the  7",  -  T2  switch,  thereby  cutting  off  the  gate  cuitciiI  of  live 
SCR  which  stops  conducting  thereby  terminating  die  baitery  charge  Thereafter,  small  trickle  charge 
current  keeps  rm  flawing  into  ihc  battery  via  L  and  the  regenerative  switch  formed  by  J",  and  Tj.  A 
lowing  lamp  L  indicates  dial  the  battery  is  under  trickle  char&inji 
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l-"ig.  *i.n  almws  Hit  same  circuit  us  shown  in  fig.  9.2fi  except  that  the  two-diode  full-w«vc 
rectifier  has  been  replace  J  by  u  full -wave  bridge  rectifier  using  four  diodes. 


9.36.  S!»tk  I  Hiiili  rruptahk  Pow  er  S>  stems  ( I  "PS  > 

The  function  of  a  (/PS  is  to  ensure  absolute  continuity  of  power  to  the  computerised  eontrol 
systems  thereby  protecting  critical  equipment  from  electrical  suppty  failure.  A  UPS  makes  it  pos- 
sible to  provide  a  'clean'  reliable  supply  of  alternating  current  free  of  sags  of  surves  in  the  line 
voltage,  frequency  variation,  spikes  and  transients.  UPS  system*  achieve  this  by  rectifying  the 
standard  mains  supply,  using  the  direct  current  to  charge  the  standby  battery  and  to  produce  "clean' 
aliemaing  current  by  passing  through  an  inverter  and  filler  system. 

Components  of  a  LPS  System 

The  essential  components  a  UPS  system  as  shown  in  Fiji.  9.2K  are  as  under : 

1  A  rectifier  and  thyrislor-cont!  oiled  battery  charger  which  converts  the  AC  input  into  regu- 
lated DC  output  and  keeps  the  standby  battery  fully  changed. 

2  A  standby  battery  which  provides  DC  input  power  to  inverter  during  voltage  drops  or  on 
failure  of  the  normal  mains  AC  supply. 

3.    An  inverted  which  eunveris  DC  to  clean  AC  Uius  providing  precisely  regulated  output  volt- 
age and  frequency  to  the  load  as  shown. 
WWkinji 

As  shnwn  in  Fig.  U.2H  the  main  flow  ol  energy  is  from  die  rectifier  to  the  inverter  with  the  standby 
battery  kept  on  'llonl".  If  the  supply  voltage  falls  below  a  certain  level  or  fails  completely,  line  battery 
output  to  the  inverter  maintain*  a  clean  a.c,  suppy .  When  the  mains  power  supply  is  resoi  ted,  the  mum 
energy  flow  against  starts  from  the  rectifier  tu  the  Inverter  but,  in  addition,  the  rectifier  recharges  the 
battery.  When  the  standby  battery  gets  fully  charged,  the  charging  current  is  automatically  throttled 
back  due  to  steep  rise  in  the  back  c.m.f  of  the  battery .  An  automatic/ manual  bypass  switch  is  used  to 
connected  the  load  either  directly  to  the  mains  a.c.  supply  or  to  the  inverter  a.e.  supply. 
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Depending  on  the  application,  the  Voltage  of  the  UPS  standby  haittcries  may  be  anywhere  between 
1 2  V  and  AW  V.  Typical  values  are  24  V,  48  V,  1 10  V  and  220  V  with  currents  ranging  from  a  few 
amperes  to  2flf)0  A.  Fig.  9.28  shows  Everon  4-kVA  on-line  UPS  system  which  works  on  170  V-270 
V  a.c.  input  and  provides  an  a.c.  output  voltage  of  230  V  at  50  Hz  frequency  with  a  voltage  stability 
oft  2%  and  frequency  stability  of  ±  1%.  It  has  zero  change  over  time  and  has  audio  beeper  wluch 
indicates  mains  fail  and  battery  discharge.  It  prtividcs  IDA'S  protection  against  line  noise,  spikes, 
surges  and  radio  frequency  interference.  It  is  manufactured  by  Everon  Elcctre  Systems  Pvt.  Ltd. 
New  Delhi 
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Alkaline  llalterits 

Such  batteries  are  ideally  suited  for  portable  work.  Like  lead-add  cells,  the  alklinc  cells  also 
consist  of  positive  and  negative  plates  immersed  in  tin  electro! yie.  The  plates  and  the  electrolyte  are 
placed  in  n  suitable-container. 
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Fig.  y.2v 

I  Ik'  i  WD  types  dl  alkaline  batteries  which  are  in  general  use  arc  : 

!  r  I  nickel -iron  type  of  Edison  type. 

nickel -cadmium  type  of  Jungnor  type  which  Is  comment: ially  known  as  NJFE  battery. 

Another  alkaline  battery  which  differs  from  the  above  only  in  the  mechanical  details  of  its  plates 
is  known  as  Alkum  batten,'  which  uses  nickel  hydroxide  and  graph! le  in  the  positive  plates  and  a 
powdered  alloy  of  iron  and  chromium  in  the  negative  plates. 

Silver-zinc  lypc  of  alkaline  batteries  Lire  dsn)  made  whose  active  male  rial  for  the  positive  plate  is 
silver  oxide  t  Ag,0)  and  for  negative  plate  is  zinc  oxide  and  zinc  powder.  The  electrodes  or  plates  of 
the  alkaline  cells  are  designed  to  be  either  of  the  enclosed -pocket  type  or  open-pocket  type.  In  the 
ease  of  enelosed-pocket  type  plates,  the  active  material  is  inside  perforated  metal  envelopes  whenes 
in  the  other  type,  the  active  materia!  is  outside  directly  in  contact  with  the  electrolyte.  As  shown  in 
Fig.  9.29,  the  active  materia]  of  the  eneloscd-pockel  type  plates  is  enclosed  in  nickel-plated  perfo- 
rated steel  pockets  or  packs  which  are  pressed  into  the  steel  frames  of  the  plates. 

The  open- pocket  type  plates  are  made  of  the  following  three  materials  : 

U)  metal -ceramic  plate -the  frame  of  the  plate  is  a  nickel-plated  steel  grid  with  the  active  male- 
rial  pressed  in  under  a  pressure  of  600  to  1900  kg/em2. 

Hi)  foil  plaie-the  base  of  such  a  plate  is  a  thin  nickel  foil  coated  with  a  layer  of  nickel  suspen- 
sion deposited  by  a  spray  technique. 

{Hi}  pressed  plates-die  base  member  of  these  plates  is  a  nickel-nlaled  pressed  steel  grid.  The 
active  material  is  pressed  into  them  at  a  pressure  of  about  400  kg/cm  . 

9.3K.  N'iekol-irnn  and  Fdison  Balterits 

There  is  revived  interest  in  the  nickel-iron  battery  becaue  it  seems  to  be  one  of  the  few  systems 
which  may  be  developed  into  a  high-energy  density  battery  for  electric  vehicles.  Since  long  the  two 
main  designs  for  this  battery  have  been  the  tubular  positive  type  and  (he  Hat  pocket  plate  type  although 
cells  with  sintered  type  negative  are  also  being  manufactured. 


Electrochemical  Power  Sources 


The  active  materials  in  a  nickel  mm  cell  are  : 

ti)  Nickel  hydroxided  Ni(OH)4  ur  apple  green  nickel  peroxide  NiO-,  for  the  positive  plalc. 
About  17  per  cent  of  graphite  is  added  to  increase  conductivity.  El  also  contains  an  activating  addi- 
tive barium  hydroxide  which  is  about  2  per  cent  of  the  active  materia].  This  additive  increases  the 
service  life  of  the  plates. 


I-  if!.  9J0  Hates  groups  ul  an  alkaline  cell 

Uii  +  ve  group  {b)  -  ve  group,  I -terminal  post  2-connecting  strap,  3-plates. 
4— plates  side  members.  5-cbonite  spacer  sticks,  6-pockets. 

i  U I  powederd  iron  and  its  oxides  lor  the  negative  plate.  Small  quantities  >  »1  nickel  sulphate  and 
ferrous  sulphide  are  added  to  improve  the  performance  of  the  coil. 

Uii}  the  electrolyte  is  2  J  per  cent  solution  of  caustic  potash  KOH  (potassium  hydrate)  to  which 
is  added  I  small  quantity  of  lithium  hydrate  LiOH  fur  increasing  the  capacity  of  the  ceil. 

As  shown  in  Fig.  9.30.  plates  of  the  same  polarity  with  their  pockets  filled,  are  assembled  into 
CCili  groups  for  which  purpose  they  are  welded  to  a  common  strap  having  a  threaded  post 

The  number  of  negative  plates  is  one  more  than  the  positive  plates.  The  extreme  negative  plates 
are  electrically  connected  to  the  con  titter  Ebonite  separating  sticks  are  placed  between  the  posim  e 
and  negative  plates  to  prevent  any  short-circuiting. 

The  steel  containers  of  the  batteries  are  press- formed  from  steel  and  the  juints  are  welded.  The 
body  and  the  over  are  nickel -plated  and  have  a  dull  finish,  However,  it  should  be  kept  in  mind  that 
since  these  containers  are  electrically  alive,  no  loose  wires  should  touch  them  owing  to  the  danger  of 
severe  sparking  from  short-circuits. 

9.39.  Chemical  Changes 

The  exact  nature  of  the  chemical  changes  taken  place  in  such  a  cell  is  not  clerly  understood 
because  the  exact  formula  for  the  nickel  oxide  is  not  yet  well  established  but  the  action  of  the  cell  can 
be  underslootl  by  assuming  the  peroxide  NiO;  or  its  hy dialed  From  NitOH)4. 

First,  let  us  assume  that  at  positive  plate,  nickel  oxide  is  in  its  hydrate  form  Ni(QH),,.  During 
discharge,  electrolyte  KOH  splits  up  into  positive  K  ions  and  negative  OH  ions.  Tlie  K  ions  go  lo 
anode  .md  reduce  Ni(OHi4  lo  NI(OH);.  l"hc  OH  ions  (ravel  towards  the  cathode  and  oxidise  iron, 
During  charging,  just  the  opposite  reactions  lake  place  i.c.  K  ions  go  to  cathode  and  OH  ions  gn  m 


Eteclncat  Technology 


anode.  The  chemical  reclinns  can  be  written  thus  : 

KOH   ►  K  +  OH 

Huron;  discharge 

Positive  plate  :  Ni<0H)4  +  2K   *  Ni(OH),  +  2  KOH 

Negative  plate  ;  Fe  +  2  OH   *  FeiOHK 

During  (  "h  a  ruing 

Positive  plate  :  NifOH),  +  20H   ►  Ni(OH>4 

Negative  plate  :  Fc<OH),  +  2K   »  Fe  +  2  KOH 

The  charging  and  discharge  can  be  represented  by  u  single  reversible  equation  thus  : 
Pn.  PlflW         Neg  Ptau;  Discharge    Pm  Plate  Ntg  Plate 

Ni(OHj4  +  KOH  +  Vc  ^=      NitOHi,  +  KOH  +  FefOHj, 
Charge 

II  will  be  observed  Tmm  me  above  equation  that  as  no  water  is  tunned,  there  r-  no  mo. ill 
change  in  the  strength  of  the  electrolyte.  Its  function  is  merely  lo  serve  as  a  conductor  of  as  a  vehicle 
for  the  transfer  of  OH  ions  from  one  plate  to  another.  Hence,  the  specific  gravity  of  the  electrolyte 
remains  practically  constant,  both  during  charging  and  discharging.  That  is  why  only  a  small  amount 
of  electrolyte  is  required  which  fact  enables  ihe  cells  in  he  small  in  hulk. 

v,;,     li.  however,      issuing  [he  nickel  eside  u>  tx-  in  ihe  tnrni  NiG  .  then  QIC  iboWB  ctfl  it 

represented  by  the  following  reversible  equation  . 

f  vc  Plate  -  ve  Pl»le  Discharge      +vc  Plme  *W  flair 

6NiOj    +    8KOH  +      5Fe       *—        2Nl304     +    8K0H   *  Fe^ 

V.4II,  1  leclriml  Characteristics 

The  emf.  of  an  Edison  cell,  when  fully  charged,  is  nearly  1 .4  V  which  decreases  rapidly  to 
1 .3  V  and  then  try  slowly  on  1 . 1  or  1  <>  V  on  discharge.  The  average  discharge  voltatge  for  a  &htKtr 
discharge  rale  is  I  2  V  Hence,  tor  Ihe  same  average  value  of  the  voltage,  an  alkali  accumulator  will 
consist  of  1.6  to  1.7  timet  as  many  cells  as  in  a  lead-acid  battery.  Internal  resistance  of  an  alkali  cell 
is  nearly  five  times  that  of  the  lead-acid  cell,  hence  there  t\  a  relatively  greater  difference  between  its 
terminal  voltage  when  charging  and  discharging. 

The  average  charging  voltage  for  an  alkali  cell  is  about  1.7  V.  The  general  shapes  of  the  charge 
and  discharge  curves  lor  such  cells  are.  however,  similar  to  those  for  lead-acid  cells.  The  rated 
capacity  of  nickel  accumulators  usually  refers  to  either  5-fiour  or  8 -hour  discharge  rate  unless  slated 
otherwise. 

Ihe  plates  nt  such  cells  have  greater  mechanical  strength  because  of  all-steel  construction.  They 
ate  comparatively  lighter  because  ii)  their  plates  jrc  lighter  and  iin  (hey  require  less  quantity  ol 
electrolyte.  They  can  withstand  heavy  charge  and  discharge  currents  and  do  not  deteriorate  even  if 
left  discharged  for  long  periods. 

Due  to  its  relatively  higher  internal  resistance,  the  efficiencies  of  an  Edison  cell  arc  power  than 
those  of  life  lead  acid  cell  On  the  average,  ils  Ah  efficiency  is  about  80%  and  Wh  efficiency  6(1  or 
5(1%   [l  has  an  average  density  of  .SI)  Wh/kg. 

Wiih  increase  in  temperature,  e.m.f.  is  Increased  slightly  hul  capacity  increases  by  an  appre- 
ciable amount.  W  ith  decrease  in  icmpcralure,  the  capacity  decreases  becoming  practically  zero  ul 
4f  even  through  the  cell  is  fully  charged.  This  is  serious  drawback  in  the  back  in  the  case  of 
electrically  driven  vehicles  in  cold  weather  and  previous  have  lo  be  taken  to  heat  up  ihe  battery 
before  starling,  though,  in  practice,  the  r  R  loss  in  ihe  internal  resistance  of  ihe  battery  is  sufficient 
tn  keep  the  buttery  cells  warm  when  running. 

The  principal  disadvantage  of  the  Edison  battery  on  nickel-iron  buttery  is  its  high  initial  cost 
t which  will  probably  be  sufficicnUy  reduced  when  patents  expire)    At  present,  an  Edision  baiters 
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costs  approximately  twice  as  much  as  li  lead- acid 
battery  designed  for  similar  service.  But  since  the 
alkaline  battery  uullasts  an  indeterminate  number 
of  lead-acid  batteries,  it  is  cheaper  in  the  end. 

Because  of  their  lightness,  compact  construc- 
tion, increased  mechanical  strength,  ability  to  with- 
stand rapid  charging  and  discharging  without 
injury  and  freedom  from  corrosive  liquids  and 
linnes.  alkaline  batteries  are  ideally  suited  for  trac- 
tion work  such  as  propulsion  of  electric  factory 
trucks,  mine  locomotives,  miner"*  tamps,  light- 
ing and  storting  of  public  service  vehicles  and  other 
services  involving  rough  usage  etc. 

'Ml.  Nickel-Cadmium  Ualtcrk'N 

Tilt'  reactive  materials  in  a  nickel -cadmium 
cell  (Fig.  9.3 1) are  : 

(il  NifOH  lj  for  rile  positive  plate  exact!  v  as 
in  the  ickcl-imn  celL 

(ill  a  mixture  of  cadmiu m  or  cadmium  oxide 
and  iron  mass  to  which  is  added  about  3  per  cent 
of  solar  nil  for  stabilizing  the  electrode  capacity. 
The  use  of  cadmium  results  in  icduced  internal 
resistance  ol  ihc  cell 

I  jiYi  the  electrolyte  is  (he  same  as  in  the  nickel- 
iron  cell. 

The  cell  grouping  and  plate  arrangmcnl  is 
identical  with  nickel- iron  batteries  except  that  the 
number  of  positive  plates  is  more  than  the  nega- 
tive plates.  Such  baiicrics  are  more  suitable  than 
nickel-iron  batteries  fur  floating  duties  in  conjunc- 
tion with  a  charging  dynamo  because,  inthcircasc, 
the  difference  between  charging  and  discharging  e.m.f.s  is  not  as  great  as  in  nickel-iron  hattcnes. 

Nickel-cadmium  sintered  plate  batteries  were  first  manufactured  by  Germans  for  military  aircraft* 
and  rockets  Presently,  they  are  available  in  a  variety  ol  designs  and  size*  and  have  energy  density 
going  uplo  Wh/Vg  Their  capacity  is  less  affected  by  high  discharge  rates  and  low  npcralirig 
temperature  than  any  other  rechargeable  batteries.  Since  such  batteries  have  very  low  open-circuit 
losses,  they  are  well-suited  for  pleasure  yatches  and  launches  which  may  be  laid  up  for  long  pcritHis. 
They  are  also  used  in  commercial  airliners,  military  aeroplanes  and  helicopters  for  starting  main 
engines  or  auxiliary  turhines  and  for  emergency  power  supply. 

"M2.  (  litnm.il  Changes 

The  chemical  changes  are  more  or  less  similar  to  those  taking  place  in  nickel-iron  cell.  As 
before,  the  electrolyte  is  spin  up  into  positive  K  ions  and  negative  OH  ions.  The  chemical  reactions 
ol  the  two  plates  are  as  under 
Durhui  discharge 
Positive  plate  . 
Negative  plate  . 
Durinji  I'harsiinu 
Positive  plate  : 
Negative  plate  i 


Fir.  9.31.  Pans  ,it  Njckel-caditiin  .ilkalmc  cell 

I  -active  material  2-eburnie  spacer  nicks  3-pocket 
element  4— ptwitjve  plates  5— positive  terminal  po*l 

6-vcnt  plug  7-ncgalivc  tcrminjl  posi  S— -i^er 
sVccmtaincr  Kt-ncgative  platr*  I  I -ebonite  plate. 


Nil  OH  ) ^  +  2K 
Cd  +  2  OH 

NUOH>j  +  20H 
Cd(OHK  +  2  K 


NtlOH):  + 
Cd  (OH>2 

NKOHIj 
Cd  +  2  KOH 
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The  above  reaction  car  be  represented  by  tbe  following  reversible  equation  i 
NifOH),  +  KOH  +  Cd         NitQH),  +  KOH  +  CdfOrOj 

t.4S.  Comparison  :  [.cad-acid  and  Fdivm  Cells 

The  relative  strong  and  weak  points  of  the  eelis  have  been  sumansed  below  ; 


I'm  m  iliars 

1  .£ttf-ttCld  Lfll 

I'.dtMin  L'tH  t 

1 

1  + 

riJMiivi.  r  kilt. 

PbO,  lead  pcnuidc 

Nickel  hydroxide  Ni(OH)^  or 

NiO, 

2 
_ , 

\.'^'l*'ltlVr*            I  1  T  r* 
1  *K  _  •!  LI  v  c    t   1  1  1  1.  L 

Sponge  leiHi 

Iron 

J* 

F"i|.|*i  "iTJll  Uf  rf» 

diluted  HjSO, 

KOH 

4. 

Average  cm.  [. 

a,o  v/cdi 

1.2  V/ccll 

llUtTTijt  TUsisllilKX' 

Comparatively  low 

Comparatively  higher 

Dl 

CJlKlClH.>  . 

90-95% 

nearly  80% 

■  1  LTill    fcl  i  kl  1  F     LL' 1  i  K  h    TV  III  1.1' 

.IM  l|l-||l  M.JI     ^  .III  -  ifi.  ',1  1 

72-80% 

about  60% 

7. 

Cosl 

Comparatively  less  than 

almost  twice  that  of  Pb-acid  cell 

alkaline  tine  cell 

Easy  maintenance 

N 

Life 

L1 1  *  t  -■    lK,Si  1^     1  _.  ■  1  '  V  K.ll  _i  S  .Mill 

IIVC  yC<ll^  »H  JC4M 

discharges 

9. 

Strength 

Needs    much    care  und 

robust,  ^technically  strong,  can 

maintenance.  Suiphation 

withstand  \  ihniiion,  is  light,  unlim- 

occurs otien  dye  lo  incomplete 

ited  rales  of  charge  and  discharge. 

charge  of  discharge. 

Can  be  left  discharged,  free  from 

corrosive  liquids  and  fumes. 

Moreover,  as  copmpared  to  lead-acid,  the  alkaline  cells  operate  much  hotter  m  low  temperature, 
do  not  emit  obnoxious  fumes,  hiive  very  smuil  sell -discharge  and  their  plates  do  not  buckle  or  smell. 

9.44.  Silver-Zinc  Batteries 


"The  active  material  of  the  positive  plates  is  silver  oxide  which  is  pressed  into  the  plate  and  then 
subjected  to  a  heat  treatment.  The  active  material  of  the  negative  plates  is  a  nuxtue  of  zinc  powder 
and  zinc  oxide. 

Tbe  chemical  changes  taking  place  within  the  cell  can  be  represented  by  the  following  single 
equation  ; 

♦  vc  plate         -  vc  plate     discharge      +  vc  plalc  — ve  plate 
AgjO     +        Zn  -  -  2  Ag     +  ZnQ 

Charge 

A  silver-zinc  cell  bos  u  specific  capacity  (i.e.  capacity  per  unil  weight)  4  lo  5  times  greater  than 
that  of  other  type  of  cells  Their  ground  applications  are  mainly  military  tfi  communications  equip- 
ment portable  radiu-  sets  and  night-vision  equipment.  Moreover,  comparatively  speaking,  their 
efliL-iency  is  high  and  self  -discharge  is  small.  Silver-zinc  batteries  can  withstand  much  heavier 
discharge  currents  than  are  permissible  for  other  types  and  con  operate  over  a  temperature  range  of 
-  20s  C  to  +  &0"C  Hcnue.  ihcv  ure  used  in  hcves  weiyhl  torpedoes  and  for  submarine  propulsion. 
Ilk,  energy  density  "I  I  Stl  Wh/kj!  li  life  lime  m  wei  condition  is  |  -2  years  and  ihc  dry  storage  life 
is  upto  5  years.  However,  the  only  disadvantage  of  silver-zinc  battery  or  cell  is  its  higher  cost. 

9.45,  high  Temperature  Batteries 

It  is  a  new  group  ol  source  which  requires  operating  lempcratiiro  above  the  emblem  The) 
possess  the  advantages  of  high  specific  energy  and  power  coupled  with  low  cost.  They  are  particu- 
laik  suitable  lor  \  chicle  traction  and  load  levelling  puipose  in  the  electric  supply  industry.  We  will 
bciefly  describe  the  following  cell  from  which  high-tempeniiure  haiteries  arc  made. 
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1.  Lithium/Chlorine  Celt 

It  has  an  emf  of  3  J  V,  n  theoretical  specific  energy  of  220(1  Wh/kg  at  6I4T  and  operating 
temperaiurc  of  650"C. 

2.  Lithium/Sulphur  Cell 

It  has  an  cmf  of  2.25  V.  specific  energy  of  2625  Wh/kg  ami  an  operating  temperature  (if  365*0. 
J.    Lkiiium-Aluminiunt/Sron-Sulphidr  Cells 

The  emf  of  these  cells  is  1.3  V  and  a  theoretical  specific  energy  of  450  Wh/kg. 
4,    Srnlutin/Sulphur  Cells 

It  utilises  liquid  sodium  as  negative  electrode  and  sulphur  as  positive  electrode  and  employs 
polycrystalline  beta  alumina  as  solid  electrolyte.  It  was  conceived  in  the  1960s  by  J.T.  Kummer  and 
N.  Weher.  The  cell  reaction  can  be  written  as  2  Na  +  3  S  =  Na,Sj.  The  announcement  of  sodium/ 
sulphur  battery  based  on  beta  alumina  was  made  by  Ford  Motor  C'ompanv  ul  USA  in  lL>o!>  Hie 
open-circuit  voltage  oi  the  cell  is  2.  i  V  and  it  has  a  specific  energy  or  750  Wh/kg  with  an  operating 
temperature  of  350*C.  The  two  unique  features  of  this  cell  are  ( h  a  l-anidaic  efficiency  of  1  U0%  and 
an  ampere-hour  capacity  which  is  invarieni  with  discharge  rate  and  (2)  high  self-life  ('which  is  criti- 
cal for  certain  space  applications). 

vt.46.  Secondary  Hybrid  Cells 

A  hybrid  cell  may  be  defined  as  a  galvanic  etectrotechnical  generator  in  which  one  of  the  active 
reagents  is  in  the  gaseous  state  i.e.  the  oxygen  nf  the  air  Such  cells  take  advantage  of  both  battery 
and  fuel  cell  technology.  Example*  of  such  cells  are  : 

1  Metal-air  cells  such  as  iron  oxygen  and  zinc  oxygen  cells. 

The  Zji'O,  cell  has  an  open-circuit  voltage  of  1.65  V  and  a  theoretical  energy  density  of  1090 
Wh/kg.  The  Fe/O,  cell  has  an  OCV  of  1.27  V  and  energy  density  of  970  Wh/kg 

2  Metal-halogen  cell*  such  as  zmc-i'hlnrittr  and  zinc-brvmine  ceils. 

The  zinc-chlorine  cell  has  an  OCV  of  2. 12  V  at  25°C  and  a  theoretical  energy  density  of  I  (Ml 
Why  kg    Such  battenes  are  being  developed  far  EV  and  load  levelling  applications.  The  linc-bro- 
mine  cell  has  an  OCV  of  I. S3  V  at  25"C  can  energy  density  of  400  Wh/kg. 
1     Mt'htl-liytlmxt'ti  cells  such  eis  niikel-lmlri'xat  <  >:lt 

Such  cells  have  an  OCV  of  I A  V  and  u  specific  energy  of  about  65  Wh/kg.  Nickel -hydrogen 
battenes  have  capulred  large  share  of  the  space  battery  ni.irkLi  in  recent  years  .mil  are  rapidh  replac- 
ing Nickel/cadmium  baneries  as  the  energy  storage  system  of  choice.  They  are  acceptable  for  geo- 
synchronous orbit  applications  when:  mil  many  cycles  are  required  over  die  lite  i>!  tliu  •>>  sn-in  i  KX)0 
cyclev  I  f I  years). 

The  impetus  for  research  and  development  of  metal-air  cells  has  arisen  from  possible  EV  appli- 
.aliens  where  energy  density  is  a  critical  parameter  An  interesting  application  suggested  for  a 
secondary  Kinc-oxygen  battery  is  for  energy  storage  on -board  space  craft  where  the  cell  could  be 
installed  inside  one  of  the  oxygen  tanks  thereby  eliminating  need  fot  gas  supply  pipes  and  valves  etc 
These  cells  could  be  reacharged  using  solar  converters. 

Some  of  the  likely  future  developments  for  nickel -by  droen  battenes  are  1 1 )  increase  in  cycle  life 
lor  low  earth  orbit  applications  upto  40,000  cycles  (7  ycarsi  (2|  increase  in  the  specific  energy  upto 
100  Wfltg  fur  geosynchronous  orbit  applications  and  O)  development  ol  a  bipolar  nickel  hydrogen 
battery  for  high  pulse  power  applications. 

9.47.  fuel  C  cILs 

As  discussed  earlier,  a  secondary  battery  produces  electric  current  by  oxidation-reduction 
chemical  reaction.  Similar  chemical  reactions  take  place  in  fuel  cells  but  there  is  a  basic  difference 
between  the  two  Whereas  in  secondary  battenes  the  chemical  energy  is  stored  in  the  positive  and 
negative  electrodes,  in  fuel  cells  the  oxidant  and  the  fuel  are  stored  outside  the  cells  and  must  be  fed 
to  the  electrodes  conim uou.sk  during  the  lime  ihe  fuel  cell  supplies  electric  current  l~hi>  cues  .in 
advantage  lo  the  fuel  cells  over  I  he  storage  battery  because  fuels  can  be  quickly  replenished  which  is 
similar  to  tilling  up  to  the  petrol  tank  of  a  ear   Moreover,  storage  batteries  when  fully  discharged 
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lake  several  hours  to  be  recharged. 
**.4H.  Hydrogen-*  >sygen  Foci  Cells 

The  first  fuel  battery  was  designed  by  FT.  Bacon  m  1 959.  The  construction  of  a  simple  fuel  cell 
is  shown  in  Fig.  9  32,  The  electrodes  arc  nude  from  sintered  nickel  plaques  having  a  crone  pore 
surface  and  a  fine  pon*  turf  ace,  the  two  surface?)  being  fur  gas  and  electrolyte  respectively.  The 
elct  truly  ic  used  in  KUH  is  of  about  85  per  cent  concentration.  The  water  vapour  funned  as  a  byproduct 
of  the  reaction  is  removed  by  condensation  from  me  stream  of  hydrogen  passing  over  Ibe  back  of 
the  fuel. 

The        electrode*  ol  the  lucl  cell  arc  ted  with  a  continuous  stream  of  hydrogen  and  oxygen 
(or  air)  as  shown.  The  oxygen  and  hydrogen  ions  react  with  the  potassium  hydroxide  clcctmlyte  at 
the  surface  of  the  electrodes  and  produce  water   The  overall  cell  reaction  is 
2H:  +  O,  =  2H,0 

The  basic  reaction  taking  place  in  the  cells  are  shown  in  more  details  m  the  Fig.  932- 
Fuel  cell  batteries  have  been  used  in  the 


manned  Apollo  space  mission  for  onboard 
power  supply  and  also  for  power  supply  in  un- 
manned satellites  and  space  probes.  These  bat- 
teries have  also  been  used  for  tractors,  fork-lift 
trucks  and  golf  cart.s  etc  Research  is  being  car- 
ried out  to  run  these  batteries  with  natural  pas 
and  alcohol  Fuel  cell  systems  arc  particularly 
useful  where  electrical  energy  is  required  for 
long  periods.  Such  applications  include  ( I )  road  Hj 
and  rail  traction  (2)  industrial  trucks  (3)  naval 
craft  and  submarine  1-4)  navigational  aids  and 
radio  repeater  stations  etc 

9.4%).  Butteries  for  Urcnift 


LOAD 


y 


K'  'H 


Fil!.  9J2 


The  on-h>'uril  power  requirements  in  aircraft 
have  undergone  many  changes  during  die  last 
three  or  four  decades.  The  jet  engines  of  the 

aircraft  which  require  starting  currents  of  about  1000  A,  impose  u  heavy  burden  on  the  hatu-rii 
However,  these  days  this  load  is  provided  by  small  turbogenerator  sets  and  since  batteries  are  needed 
onlv  to  stari  them,  the  power  required  is  much  less  These  batteries  possess  good  high-rate  capabili- 
ties in  order  to  supply  emergency  power  for  upto  I  h  in  the  event  of  the  generator  failure.  However, 
their  main  service  is  as  a  standby  power  for  miscellaneous  un-board  equipment.  Usually,  batteries 
having  1 2  cells  (of  a  nominal  voltage  of  24  V)  with  capacities  of  18  and  34  Ah  at  the  If)  h  rale  arc 
used.  In  order  to  reduce  weight  only  light-weight  high- impact  polysome  containers  and  covers  are 
used  and  the  cells  are  fitted  with  non-spill  ventplugs  to  ensure  complete  unspiltabilily  m  any  aircraft 
position  during  aerobatics.  Similarly,  special  plastic  manifolds  ore  moulded  into  the  covers  to  pro- 
vide outlet  for  gases  evolved  during  cycling. 

st. SO.  Butteries  fur  Submarines 


These  batteries  are  the  largest  uniLs  in  the  traction  service.  In  older  types  of  submarines,  the  lead 
storage  battery  was  live  sole  means  of  propulsion  when  the  submarine  was  fully  submerged  ami. 
additionally  supplied  the  'hotel  load'  power  for  lights,  instruments  and  other  electric  equipment 
When  the  introduction  oi  lIk-  snorkel  breaming  tube  made  it  possible  to  use  diesel  engines  for  pni- 
puision,  battery  was  kept  in  reserve  lor  emergency  use  onl)  liven  modem  nuclear-powered  subma- 
rines une  storage  batteries  for  this  purpose.  These  lead-acid  batteries  may  be  flat  pasted  plate  or 
tubular  positive  plate  type  with  5  h  capacities  ranging  from  10,000  to  12,000  Ah.  One  critical 
requirement  tor  diis  service  is  that  the  rate  of  evolution  of  hydrogen  gas  un  open-circuit  should  not 
exceed  the  specified  low  limit. 
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Double  plait  septulum  with  ihc  help  nf  felled  glass  fibre  mats  and  mKroseoporous  separator*  is 
used  in  order  to  ensure  durability,  high  pcrfurmajKe  and  low  standing  kisses. 

OBJE<  an  VE  TESTS  -  9 

1.   Active  msicrials  nf  a  lead- acid  cell  an  ; 

<d)  lead  pennitle  <M  spnngc  load 

(f)  dilute  Milphum  acid     (d)  all  the  above 
i  During  the  charging  of »  lead-acid  cell 

(Jt  us  cathode  becomes  dark  chocutaaa  Bnn 

in  colour 

<»  it* 

(cl  «gi 

<«/)  specific  gnmty  of  H,SO(  is  decreased 
J.    Die  rauci  ot  Ah  efficiency  to  Wh  efficient- v  nf  a 
lead-acid  cell  u  : 

In)  always  less  Uutfi  one     (hi  jusl  ivc 

ti  l  ulvYuy*  greoirr  ttuin  one 

i  <l i  cither  (ifj  or 
J,  The  capacity  of  a  cell  is  measured  m  : 

(u)  watt-hours  ('>)  watL> 

(cl  ampere*  idi  ampere-hours 

5.   The  capacity  of  a  lead-acid  cell  docs  NOT 

depend  on  its : 

(a  I  rale  of  choree 

tb'\  rale  of  discharge 

U)  temperature 

\Ji  quantity  ol  active  uuiK-rial 
4.    A*  compared  In  constant-current  system,  the 

constant-voltage  system  of  c  harping  a  lead-acid 

tell  ha%  the  jdvanugc  tpl 

(«i  avoiding,  ckccuuvc  gassing 

i  b  i  reducing  time  of  charging 

{O  increasing  cell  capacity 

(Ji  both  {*>  and  (rf 
7.   Sulphuhon  m  a  lead -acid  ballery  occurs  due  lo 

(at)  tndUc  charging 

IM  incomplete  charging 

»ri  heavy  discharging        idi  fast  charging 
K.   The  active  materials  of  a  nickel -iron  hatiery  iire. 

i.vi  nickel  hydroxide 

|J>)  powdered  inn  and  Uji  oxide  ii 

ic>  21*  solution  of  caustic  potash 

\d\  all  of  the  above. 
9.   During  the  charging  and  discharging  of  j  nickel 

iron  cell  : 


(a)  Its  ejnJ.  remains  i 
\b)  water  is  neither  formed  nor  absorbed 
Ir)  cufiuuvc  fame*  arc  produced 
id)  nickel  hydroxide  remain*  un split 

10.  As  compared  la  a  lead-acid  cell,  Ihc  efficiency 
of  a  nickel- iron  cell  it  lew  due  to  ii» 

«i)   lower  c-m  f 

ib)  smaller  quaniuy  nf  clctrolylc  used 
<cl  higlier  internal  : 
Iff)  cornpactncM. 

1 1 .  Trickle  charging  of  a  storage  bauery  I 
nit  prevent  sulphation 

ib)  keeti  ii  fresh  and  fully  charged 
[c)  maintain  proper  electrolyte  level 
|<f)  increase  Mi  reserve  capacity 

12.  A  dead  storage  battery  can  be  revived  by  : 
iui  a  does  Of  H3SO, 

ib)  adding  so-called  battery  restorer 
if)  adding  distilled  water 
id)  none  of  the  above 
|.»,  The  sediment  which  nccumultes  ai  ihc  bottom 
of  a  lead-acid  battery  consists  largely  of : 
(u)  lead-peroxide  ifc)  Ic-jJ-niiJpliatL- 

(c)  amimony-lcad  alloy      idi  gmphile 

14,  flic  reduction  ul  kurcry  capacity  Jl  Inch  ratc-v 
of  discharge  is  primarity  due  to  ; 

iu)  increase  in  its  internal  resistance 
ihi  decrease  in  its  terminal  voltage 
fe)  rapid  tbrniaiHin  of  PbSO.,  on  the  plaics 
<</>  nnn-diffuvion  of  acid  to  the  Inside  active 
■nuierinlj. 

15,  Flualing  bauery  systems  *tt  widely  used  bu 
W  power  stations  * 

tt>>  emergency  lighting 

If)  telephone  exchange  installation 

Idi  nil  of  Ihc  ubuve 

16,  Any  charge  given  to  (be  nailery  when  taken  off 
ihe  vehicle  is  tidied 

(a)  bench  charge  t  f>  i  step  charge 

(c)  float  charge  Id)  ffickle  charge 
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10             ELECTRICAL  INSTRUMENTS  AND 
 MEASUREMENTS 

III.].     Misulute  unci  Stfiinrliirv  instruiiH iits 

The  various  electrical  instruments  may,  in  a,  very  bromi  sense,  be  divide  into  ii)  absolute  mstru- 
mail  and  tiii  secondary  instruments.  Absolute  instruments  are  those  which  give  the  value  of  tint 
quantity  to  he  wramf.  in  terms  of  the  constants  of  the  instrument  and  their  defdection  only.  No 
previous  calibration  or  eomparision  is  necessary  in  their  case.  The  example  of  such  an  instrument  is 
tangenl  galvanometer,  which  gives  the  value  of  current,  in  terms  of  the  tangent  of  deflection  pro- 
duced  by  the  current,  die  radius  and  number  of  turns  of  wire  used  and  ike  horizontal  component  of 
earth's  field 

Secondary  instruments  are  those,  m  which  the  value  of  ckxtneal  quantity  to  be  measured  can  be 
determined  from  the  deflection  of  the  instruments,  only  when  they  have  been  pre- calibrated  by 
cornpartison  with  an  absolute  instrument.  Without  calibration,  the  deflection  uf  such  instruments  is 
meaningless. 

1 1  is  the  secondary  instruments,  which  ore  most  generally  used  in  everyday  work;  the  use  of  the 
absolute  instruments  being  merely  confined  within  laboratories,  as  standard mug  instruments 

10.2.    Electrical  Principles  ol  Operation 

All  electrical  measuring  instruments  depend  fur  their  action  on  one  of  the  many  physical  effects 
of  an  electric  current  or  potential  and  are  generally  classified  according  to  which  of  these  effects  is 
utilized  in  their  operation.  The  effects  generally  utilized  arc  : 

1.  Magnetic  effect .  for  ammeter*  and  voltmeters  usually. 

2.  Electrodynamic  effeel  -  for  ammeters  and  voltmeters  usually. 

3.  Electromagnetic  effect  -  far  ammeters,  voltmeters,  wattmeters  and  v.  ait  hour  meters. 

4.  Thermal  effect  -  for  ammeters  and  voltmeters. 

5.  Chemical  effeel  -  for  d,e.  ampere-hour  meter*. 

6.  Electrostatic  effect  -  for  voltmeters  only. 

Another  way  to  classify  secondary  instruments  is  to  divide  them  into  m  indicating  instruments 
fiii  recording  instruments  and  Hit)  integrating  instruments.  ' 

Indicating  instruments  are  those  which  indicate  the  instantaneous  value  nf  the  electrical  quan- 
tity being  measured  at  the  time  at  which  ii  is  being  measured.  Their  indications  are  given  by  pnjntcni 
moving  over  calibrated  dials.  Ordinary  ammeters,  voltmeters  and  wattmeters  belong  to  this  class. 

Recording  instruments  are  ihose,  which,  instead  uf  indicating  by  means  of  a  pointer  and  a  scale 
the  instantaneous  value  of  an  electrical  quantity,  give  a  continuous  record  or  the  variations  of  such  a 
quantity  over  a  selected  period  of  time.  The  moving  system  of  the  instrument  carries  an  inked  pen 
which  rests  lightly  on  a  chart  or  graph,  thai  is  moved  ai  a  uniform  and  low  speed,  in  a  directlun 
perpendicular  to  that  ol  the  deflection  of  ihe  pen  The  path  traced  out  by  the  pen  presents  a  continu- 
ous record  of  the  variations  in  the  deflection  of  the  instrument 

Integrating  instruments  are  those  which  measure  and  register  by  a  scl  of  dials  and  pointers  cither 
the  total  quantity  of  electricity  tin  amp-hour^)  or  Ihe  total  amount  nf  electrical  energy  (in  wim-hours 
or  kYVh>  supplied  to  a  circuit  in  a  given  lime.  This  summation  gives  the  product  of  time  and  the 
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electrical  quantity  but  gives  no  direct  indication  a*  to  the  rare  at  which  the  quantity  or  energy  is 
being  supplied  because  their  registrations  are  independent  of  this  rate  provided  the  current  flowing 
through  the  instrument  is  sufficient  to  operate  it. 

Ampere-hour  and  watt-hour  meters  fall  in  this  class. 
10.3-    LssLiilials  <if  Indicating  Instruments 

As  defined  above,  indicating  instruments  are  those  which  indicate  the  value  of  the  quantity  thai 
is  being  measured  at  the  time  at  which  it  is  measured.  Such  instruments  consist  essentia! k  or  a 
pointer  which  moves  over  u  calibrated  teak  and  which  is  ait.iuht'd  to  a  moving  system  pivoted  in 
jewelled  bearings.  The  moving  system  is  subjected  to  the  following  three  torques  : 

L.  A  deflecting  (or  operating)  unique  2.  A  continuing  (or  rrsioring)  torque  3.  A  damping  torque 

1 0.4.   Deflecting  Torque 

The  deflecting  or  operating  torque  {Td}  is  produced  by  utilizing  one  or  other  effects  mentioned 
m  Art.  10.2  i.e.  magnetic,  electrostatic,  ckctrodynamic,  thermal  sir  inductive  Cic  The  actual  method 
of  torque  production  depends  on  the  type  of  instrument  and  will  be  discussed  in  the  succeeding 
paragraphs.  This  deflecting  torque  cause-,  die  moving  system  (and  hence  die  painter  attached  to  ill 
to  move  from  its  'zern'  position  i.e.  its  position  when  the  instrument  is  disconnected  from  the  supply. 

1(1.5.    lunlruliing  lurqui- 

The  deflection  of  the  moving  system  would  be  indefinite  if  there  were  no  controlling  or  restor- 
ing torque.  This  torque  oppose  the  deflecting  torque  and  increases  with  the  deflection  of  the  moving 
system.  The  pointer  is  brought  to  rest  at  a  position  where  the  two  opposing  torques  are  equal.  The 
deflecting  torque  ensures  that  currents  of  different  magnitudes  .shall  produce  deflections  of  the  mov- 
ing system  in  proportion  to  their  size.  Without  such  at  torque,  the  pointer  would  swing  over  to  the 
maximum  deflected  position  irrespective  of  the  magnitude  of  the  current  to  be  measured.  Moreover, 
in  the  absence  ol  a  restoring  torque,  the  pointer  once  deflected,  would  not  return  to  its  zero  position 
on  removing  the  current.  The  controlling  or  restoring  or  halancing  torque  in  indicating  instruments 
is  obtained  either  by  a  spring  or  by  gravity  as  described  below  : 

lat  Spring  4  untml 

A  hair-spnng,  usually  ul  phosphor- bronze,  is  attached  to  die  moving  system  of  the  instrument 
as  shown  in  Fig.  10.1  (a). 

With  the  deflection  of  tbe  pointer, 
the  spring  is  twisted  in  the  opposite 
direction.  This  twist  in  the  spring 
produces  restoring  torque  which  is 
directly  proportional  In  the  angle  of 
deflection  of  I  he  moving  system.  The 
pointei  comes  to  a  position  of  rest  (or 
equilibrium)  when  the  deflecting  torque 
{7^  I  imd  controlling  torque  (Tr>  are  equal 
For  example,  in  permanent-magnet, 
moving-coil  type  of  instruments,  the 
deflecting  torque  is  proportional  to  the 
current  passing  through  them. 

and  for  spring  control  Ts  6 
As  tr*T4 

Since  deflection  fl  is  directly  proportional  lo  current  /,  the  spring-controlled  instruments  have  a 
uniform  .ir  equal k  spaced  leaks  o\cr  the  whole  ol  their  range  as  shown  m  Fig.  H'M  ib) 
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To  ensure  that  controlling  torque  is  proportional  to  the  angle  of  deflection,  the  spring  should 
have  n  fairly  large  number  of  turns  so  that  angular  deformation  per  unit  length,  on  full-scale  deflec- 
tion, is  small.  Moreover,  the  stress  in  the  soring  should  be  restricted  to  such  a  value  that  it  does  not 
produce  a  permanent  set  in  it. 

Springs  arc  made  of  such  materials  which 

(it  are  non- magnetic 

i  ii  i  .ire  noi  subject  to  much  fatigue 

iiii)  have  low  specific  rcsislance-especjally  in  cases  where  they  are  used  for  leading  current  in 

or  nut  of  the  instrument 
(;'i't  have  low  temperature- resistance  c<iefficteni. 

The  exact  expression  for  controlling  torque  is  T  -  C9  where  C  Ls  spring  constant.  Its  value  is 
i'  hi 

given  by  C  ■  — - —  N-m/nid.  The  angle  8  ls  in  radians. 
l*i  iiravil>  Control 

Gravity  control  is  obtained  hy  attaching  a  small  adjustable  weight  to  some  part  of  the  moving 
system  such  thai  the  two  exert  torques  in  ihe  opposite  directions.  The  usual  arrangements  is  shown 
in  Fig.  10.  2(<JK 

li  is  seen  from  Fig.  10.2  ib\  that  the  con- 
irolling  or  restoring  torque  is  proportional 
to  the  sine  of  the  angle  of  deflection  t.f. 
T(  «  sin  0 
The  degree  of  control  is  ad  lusted  by 
screwing  the  weight  up  or  down  the  earn- 
ing system 


Control  Weight 


Wcos  - 


c —  u 


T,  ~  / 


then  lor  position  of  rest 
or  /  -  sin  H  tnvt  tit 


FIr.  IU.2 

It  will  be  seen  from  Fig.  10.2  fit)  that  as  B  approaches  \Hf.  the  distance  \ti  increases  h>  a 
relatively  small  amount  for  a  given  change  in  the  angle  than  when  8  is  just  increasing  from  its  zero 
value-  Hence,  gravity-conn. tiled  instruments  have  scales  which  arc  not  uniform  but  are  cramped  or 
crowded  al  their  lower  ends  as  shown  in  Fig.  Id  J. 

As  compared  to  spring  control,  the  disadvantages  ol  grav- 
ity control  arc  : 

! .    it  gives  cramped  scale 

2.    the  instrument  lias  to  he  kept  vertical 

However,  gravity  control  has  the  following  advantages 

1 .  it  is  cheap 

2.  it  is  unaffected  by  temperature 
V    it  is  mil  subject  to  fatigue  or  detcrioranon  with  time 

Example  10.1  The  torque  o)  tin  ammeter  in  tin  ujimtc  oftht  em  rent  through  U.  If  a 

current  of  5  A  proJiues  a  deflect'um  itfW,  tr/ujf  deflection  wiii  wur  (or  a  current  *»/ 3  A  wfcrn  the 
instrument  is  tt*  •sprtntt-umtmlitd  ,md  tit  I  gravuv-timtmtted. 

(Elect.  Mens,  Inst  and  Mens.  Jndavpur  Univ.  I  V.S  I  j 

Solution.  Since  deflecting  torque  vanes  as  [current)',  we  have  rrf  «  i3 
For  spring  control.      T     0  .■.  0  «  f2 
For  gravity  control.       sin  0  -■-  sin  9  ^  t2 

1 1 1   For  spring  control    90*  *  5J  and  6    *  32,  e  =  W  X  3751  =  32^4" 
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111)  For  gruMty  cnnmil  sin  W  «  5~  and  sin  9  «  3* 


aia 


sin  8  =  9/35  =  0.36  >  &  =  sin"1  (0.36)  = 


IDA 
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Damping  Torque 

A  damping  ionic  is  one  which  acts  on  the  moving  system  of  the  instrument  only  whrn  it  is 
moving  and  always  opposes  its  modem.  Such  stabilizing  iw  demping  farce  is  necessary  to  bring  the 
penile i  U'  res!  ;tuit.ki}.  ntherswise  due  ti-  inertia  01  the 
moving  system,  the  pointer  will  oscillate  about  its 
final  deflected  position  for  quite  some  time  before  com- 
ing to  rest  in  the  steady  position.  The  degree  of  damp- 
ing should  he  adjusted  to  a  value  which  is  sufficient  to 
enable  the  pointer  to  rise  quickly  to  its  deflected  posi-  c 
tioa  without  overshooting.  In  thai  case,  the  instrument  = 
is  said  to  be  dead-heal.  Any  increase  of  damping  ano\e  e: 
this  limit  Lr,  overdamping  will  make  the  instruments  a 
slow  and  lethargic.  In  Fig.  10.4  is  shown  the  effect  of 
dumping  on  the  variation  of  position  with  time  of  the 
moving  system  of  an  instrument 

The  damping  force  can  be  produced  by  (i)  air  fric- 
tions lih  eddy  currents  and  (iff)  fluid  friction  I  used 
occasionally). 

Two  methods  of  air- friction  damping  arc  shown  in  Fig.  10  5  to)  and  10.5  ib).  In  Fig..  10.5  ia), 
the  light  aluminium  piston  attached  to  the  moving  system  of  the  instrument  is  arranged  to  travel  with 
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a  very  small  clearance  in  a  fued  ajr  chamber  dosed  at  one  end.  The  cross-section  of  the  chamber  >s 
either  circular  or  rectangular  Damping  of  the  oscillation  is  affected  hy  the  compression  and  suction 
jettons  of  the  piston  on  the  ah  enclosed  in  the  chamber.  Such  a  system  of  damping  is  not  much 
favoured  these  days,  those  shown  in  Fig.  1 0.5  <b)  and  ic)  being  preferred.  In  the  latter  method,  one 
ot  fWO  light  aluminium  vanes  are  mounted  on  the  spindle  of  the  moving  system  which  move  in  a 
closed  sec  tor-  shaped  bo*  as  shown. 

Fluid- friction  is  similar  in  action  to  the  air  friction.  Due  to  greater  viscosity  of  oil.  the  damping 
is  more  effective  However,  oil  dumping  is  not  much  used  because  or  several  disadvantages  such  as 
objectionable  creeping  of  oil,  the  necessity  of  using  the  instrument  always  in  the  vertical  position 
and  its  obvious  unsuilability  for  use  in  portable  instruments. 

The  eddy-current  form  of  damping  is  the  most  efficient  of  the  three.  Tlte  twu  forms  of  such  •> 
damping  are  shown  in  Fig.  I  (1.6  and  10.7.  tn  Fig  MJ.6  <u>  is  shown  a  thin  disc  of  a  conducting  hut 
nun-magnetic  material  like  copper  or  aluminium  mounted  on  the  spindle  which  carries  the  moving 
system  and  the  pointer  of  the  instrument  The  disc  is  si}  positioned  that  Us  edges,  ^hen  in  rotation, 
cui  the  magnetic  flus  between  the  poles  of  a  permanent  magnet.  Hence,  eddy  current*  are  produced 
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in  the  disc  which  fh  >v.  and  so  produce  a  damping  tome  in  -.ueh  a  direction  as  to  oppose  the  very  cause 
producing  them  iLenz's  Law  Art.  7.5).  Since  the  cause  producing  them  is  the  rotation  of  the  disc, 
these  eddy  current  retard  the  motion  of  the  disc  and  the  moving  system  as  a  whole. 

pumping 

Disc 
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Damping  MjjjiwM 
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In  Fig.  10.7  is  shown  the  second  type  of 
eddy-cumsnl  damping  generally  employed  in 
permanent-magnet  moving  coil  instruments 
The  coil  is  wound  on  li  thin  liehl  aluminium 
former  in  which  eddy  currents  :ire  produced 
when  the  coil  moves  in  the  field  of  the  per- 
manent magnet.  The  directions  of  the 
induced  currents  and  of  the  damping  force 
produced  by  them  are  shown  in  [he  figure 

The  various  types  of  instrument1.  ,ind  the 
order  in  which  they  would  he  discussed  in 
this  chapter  are  given  bcEow, 


Fig.  10.7 
Ammeters  and  voltmeters 

I     Moving-iron  type  (hoih  for  D.C/A.C  t 

(a)  the  attraction  type 

ib)  the  repulsion  type 
1     Moving -coil  type 

\a)  permanent-magnet  type  (for  D.C.  only  J 

[h)  elearodynamit  or  dynamometer  type  (for  D.C  J  A.C.) 
3.    Hot-wire  type  (both  for  D.C./A.C. ) 
4      Induction  type  (for  A.C.  only) 

(d)  Sptii-phtise  type 

lb\  Shaded -pole  type 

5.  Electrostatic  lype-for  voltmeters  only  (for  D.CVA.C.) 
Wattmeter 

6.  Dynamometer  type  (both  for  D.C./A.C), 
7     Induction  type  I  for  A.C.  only  | 

8.  Electrostatic  type  (fur  D.C.  only  I 
Luergj  Meters 

9.  Electrolytic  type  (foi  D.C.  only] 
111  Motor  Meters 

<  i)  Mercian  Motor  Meter.  For  d.c.  work  only.  Can  be  used  as  amp-hour  or  watt-hour  meter. 
(ip)  Commutator  Motor  Meter.  Used  on  D.C/A.C,  Can  be  used  as  Ah  or  Wh  meter. 
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Uii)  liuluction  type.  For  A-C  only, 
1 1 ,  Clock  meters  (as  Wh-melers), 
10.7.    Moving -in  in  Amnu'liTs  and  Voltmeter?. 

Thire  an;  two  basic  forms  of  these  Instruments  Le.  the  attraction  type  and  the  repulsion  type. 
The  operation  of  the  attraction  type  depends  on  the  attraction  of  a  single  piece  of  soft  iron  into  a 
magnetic  field  and  thai  of  repulsion  Lypc  depends  on  the  repulsion  of  two  adjacent  pieces  of  iron 
magnetised  by  the  same  magnetic  field.  For  both  types  of  these  instruments,  the  necessary  magnetic 
field  is  produced  by  the  ampere- turns  of  a  current-carry iru:  coil.  In  case  the  Instrument  is  to  be  used 
as  an  ammeter,  the  coil  has  comparatively  fewer  turns  of  thick  wire  so  that  the  ammeter  has  low 
resistance  because  it  is  connected  in  series  with  the  circuit.  In  ease  it  is  to  be  used  as  a  voltmeter,  die 
coil  ha.s  high  impedance  so  as  to  draw  as  small  a  current  as  possible  since  it  (s  connected  in  parallel 
with  the  circuit.  As  die  eurrcni  through  the  coil  is  small,  it  has  large  number  of  turns  in  order  to 
produce  sufficient  ampere- turns. 

10.H.    Attraction  Type  M.l.  In.slurrm -ni- 

The  basic  working  principle  of  an  attraction-type  moving- iron  instrument  is  illustrated  in  Fig. 
tO.  8.  It  is  well-known  thai  if  a  piece  of  an  unmagnelised  soli  iron  is  brought  up  near  either  of  the  two 
ends  of  a  current -carrying  coil,  it  would  be 
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Attraction 


attracted  into  the  coil  in  the  same  way  as  it 
would  be  attracted  by  the  pole  of  a  bar  magnet. 
Hence,  if  we  pivot  an  oval-shaped  disc  of  soft 
iron  on  a  spindle  between  bearings  near  die  coil 
{Fig.  1  (),&),  the  iron  disc  will  swing  into  the  coil 
when  the  latter  has  an  electric  current  passing 
through  It  As  the  Held  strength  would  be  .stron- 
gest in  the  centre  tjf  the  coil,  the  ovalshapcd 
Iron  disc  is  pivoted  in  such  a  way  that  die  great- 
est bulk  of  irtitl  moves  into  the  centre  of  [he 
coil.  If  a  pointer  is  fixed  to  ihe  spindle  cniry- 
i.il  :,k'  Jus.,  then  ihe  passage  of  current  thruugh 
the  coil  will  cause  the  pointer  to  defied.  The 
amount  of  deflection  produced  would  be  greater 
when  the  current  producing  the  magnetic  field 
is  greater.  Another  point  worth  noting,  is  that 
whatever  the  direction  of  current  through  the 
evil,  the  iron  dis?  would  always  he  magnetised 
I  u  \ .'  n  h  tf  mi :  thi  tl  r  r  m  \ u tilt :  ( in  ward:-  I  leu-  c 
such  instruments  can  be  used  both  for  direct  as 
well  as  alternating  currents. 

A  sectional  view  of  the  actual  instrument  is  shown  in  Fig.  10.9.  When  the  current  to  be  mea- 
sured is  passed  through  the  coil  or  solenoid,  a  magnetic  field  is  produced,  which  attracts  the  eccen- 
trically-mounted disc  inwards,  thereby  deflecting  the  pointer,  which  moves  over  a  calibrated  scale. 

Deflecting  I'nrque 

Let  the  axis  of  the  iron  disc,  when  in  zero  position,  subtend  an  angle  of  $  with  a  direction 
perpendicular  to  the  direction  of  the  field  H  produced  by  the  coil.  Let  Ihe  dellection  produced  he  H 
corresponding  to  a  curreenl  /  through  the  coil  The  magnetisation  of  iron  disc  is  propoitional  to  die 
component  of  H  acting  along  the  axis  of  the  disc  i.e.  proportional  to  H  cos  [90  -  +  8)]  or  ti  sin  tfl 
+  <)»).  The  force  F  pulling  the  disc  inwards  in  proportional  to  MM  or  H1  sin  (8  +  CO,  If  the  permeabil- 
ity of  iron  is  assumed  constant,  then,  H<*  f.  Hence,  F*  i1  sin  (8  +  0).  If  this  force  acted  at  a  distance 
of !  from  the  pivot  of  Ihe  rotating  disc,  then  defleciing  torque  ?[7  =  Fl  cos  (0  +  rjf).  Putting  the  value 
of  F.  we  gel 
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cylindrical  form,  the  moving  iron  also  consists  of  another  sheet  Of  iron  and  is  so  mounted  as  to  move 
paraiiei  lu  die  Tued  iron  and  towards  its  narrower  end  [Fig.  10.13  {b)\. 
ticllti'iiiitf  Tur<jne 

The  deflecting  torque  is  due  to  the  repulsive  force  between  the  two  similarly  magnetised  iron 
rods  or  sheets. 


Fie-  wua 

Instantaneous  torque  ■=  repulsive  force  «  m.Wu  ... product  of  pole  strciiirdi-, 

Since  pole  strength  are  proportional  to  the  magnetising  force  H  of  the  coll, 
instantaneous  torque  d=  H~ 

Since  H  itself  is  proportional  to  current  {assuming  constant  permeability)  passing  through  the 
coil.         Instantaneous  torque  «  j2 

HstJCft.  the  deflecting  torque,  which  is  proportional  to  the  mean  torque  is,  in  effect*  proportional 
to  the  mean  value  of  /".  'Therefore,  when  used  on  a.c.  circuits,  the  instrument  reads  Ihc  r.m.s.  value 
of  current 

Scales  of  such  instruments  are  uneven  if  rods  are  used  and  uniform  if  suitable-shaped  pieces  of 
iron  sheet  are  tised. 

The  hstrumtmi  is  eiiher  gravity-cult  trailed  or  as  in  modem  makes,  is  spring-controlled. 

Damaping  is  pneumatic,  eddy  current  damping  cannot  Lie  employed  because  the  presence  or  a 
permanent  magnet  required  for  such  a  purpose  would  affect  the  deflection  and  hence,  die  reading  of 
the  instrument. 

Since  the  polarity  of  both  iron  rods  reverses  simultaneously,  the  instrument  can  be  used  both  for 
a.c.  and  d.e.  circuits  Lc,  instrument  belongs  to  the  unpolarised  class. 
10,10,  Sources  of  Error 

Uterc  are  two  types  of  possible  error*  in  such  instruments,  firstly,  tho.se  which  occur  both  in  a.c. 
and  d.c.  work  and  secondly,  those  which  occur  in  a.c.  work  alone 
la  I  Krrnrs  with  both  d.c.  and  a.c,  work 

(I)  Error  due  (o  hysteresis.  Because  of  hysteresis  in  the  irun  parts  of  the  moving  system, 
readings  are  higher  for  descending  values  but  lower  for  ascending  values. 

The  hysteresis  error  is  almost  completely  eliminated  by  using  Mumetal  or  Perm-alloy,  which 
have  negligible  hysteresis  loss. 

i.ii)  Error  due  to  stray  fields.  Unless  shielded  effectively  from  the  effects  or  stray  external 
fields,  it  will  give  wrong  readings.  Magnetic  shielding  of  the  working  pans  is  obtained  by  using  a 
covering  case  of  cast-rion. 

tin  Krrors  with  ax.  work  nnh 

Changes  of  frequency  produce  {i)  change  in  the  impedance  of  the  coil  and  fiff)  change  in  Ihe 
magnitude  of  the  eddy  currents.  The  increase  in  impedance  of  the  coil  with  increase  in  ihe  frequency 
ol  die  alternating  currenl  is  of  importance  in  voltmeters  ("Est.  10,2).  For  frequencies  higher  man  the 
one  used  for  calibration,  the  instrumenl  gives  lower  values.  However,  this  error  can  be  removed  hy 
connecting  a  capacitor  of  suitable  value  in  parallel  with  the  swump  resistance  ft  of  the  instrument,  ll 
can  be  shown  thai  the  impedance  of  the  whole  circuil  of  the  instrument  becomes  independent  of 
frequency  if  C  -  Lift'  where  C  is  Ihe  capacitance  of  the  capacitor. 
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in.]].  Advantages  and  Disadvantages 

Such  instruments  are  cheap  and  robust,  give  a  reliable  service  and  can  dc  umiu  duuj  oh  d.t.  and 
d.c.  circuits,  although  they  cannol  be  calibrated  with  a  high  degree  of  precision  with  dx.  on  account 
of  the  effect  of  hysteresis  in  the  iron  rods  nr  v  lines  Hence,  they  are  usually  calibrated  by  comparison 
with  an  alternating  current  standard. 

10.12.  Defli'i'ting  Tory no  in  In  ins  nf  <  buiiyo  in  Self-induction 

The  value  of  the  deflecting  torque  of  a  moving- iron  instrument  can  be  found  in  terms  of  the 
variation  uf  the  self- inductance  of  its  coil  with  deflection  fl. 

Suppose  that  when  a  direct  current  of  /  passes  through  the  instrument,  its  deflection  is  8  and 
inductance  L.  Further  suppose  that  when  current  changes  from  /  to  (I  +  t/7),  deflection  changes  from 
0  to  (0  +     >  and  L  changes  lo  iL  +  tlL).  Then,  the  increase  in  the  energy  stored  in  the  magnetic  Held 

is  dE^di^lf)  =  ^L2I,dl  +  \ftIL  =  U.dl+  irf.dL  joule. 

If  r^N-m  is  the  controlling  torque  for  deflection  0,  then  extra  energy  stored  ki  the  control 
syslem  is  Txtld  joules-  Hence,  the  total  increase  in  the  stored  energy  of  the  system  is 

UdJ+  \l2.dL+TY-d§  ...(f) 
2 

The  e.ni.i.  induced  in  the  coil  isl  Hk-  iiMrumenl  is  e  =  JV.-37  volt 

dt 

where  do  =  change  in  flux  linked  with  the  coil  due  lo  change  in  the  posi- 

tion of  the  disc  or  the  bars 
dt  m  time  taken  for  the  above  change ;  N  *  No.  of  turns  in  the  coll 

Now  L  =  NFIl    .'.    <t>  =  UiN  ^?---77-4-iU) 

dt     N  dt 

Induced  e.m.f.  t  -  ff.\-.  ^-{Ui  =  ~-  {U) 

If  dt  dt 

The  energy  drawn  from  ihc  supply  to  overcome  this  back  e.m.f  is 

-  e.ldl  ~  4"  iU)  ldl  =  UiLI)  =  K.LJI  +  I.dL)  -  U.dl  +  dl  +  F-dl.  ..MH 

dt 

Equating  {i )  and  (if }  above,  we  get  U.dl  +  |  lldL  +  LdQ-lJ.d!  +  f  .dL    .:    T s,  ~  f1  N-m 

wltere  dJJdft  is  henry/radian  and  I  in  amperes. 

10.13.  L,\f fusion  of  Range  by  Shunts  ami  Multipliers 

U)   As  Ammtter.  The  range  of  the  moving-iron  instrument,  when  used  a>  an  ammeter,  can  be 

extended  by  using  a  suitable  shunt  across  its  terminals.  So  far  as  the  operation  with  direct  current  is 

concerned,  there  is  no  trouble,  but  with  alternating  current,  the  division  otf  current  between  the 

instrument  and  shunt  changes  with  the  change  in  the  applied  frequency.  For  a.c  work,  both  the 

inductance  and  resistance  of  the  instrument  and  shunt  iiave  to  be  taken  into  account 

,       current  I h rough  instruments,  i     A,  +  JtuI,  Z 

Obviously,   — - — — r — — :          ~r  : r-  =  -=- 

current  through  shunt,  lt        R  +  juiL  £ 

where  R,  L  =  resistance  and  mcluctance  of  the  instrument 

R  ,  L   o  resistance  and  inductance  of  the  shun  I 

It  can  be  shown  that  above  ratio  i.e.  the  division  of  current  between  the  instrument  and  shunt 
would  be  independent  of  frequency  if  the  time-constants  of  the  instrument  coil  and  shunt  are  the 
same  i.e.  if  UR  -  LJR  .  The  multiplying  power  iff)  of  ihe  shunt  is  given  by 

I  Rx 

where        /  =  line  current  ;  i  -  full-scale  deflection  current  of  the  instrument. 
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nil  \s  \ 'nkiiii'lLT.  The  range  of  This  instrument,  when  used  as  a  voltmeter,  can  be  extended  or 
multiplied  by  using  a  high  nun-inductive  resistance  ft  connected  in  series  with  it,  as  shown  in  Fig- 
IU.14.  Tlii*  aeries  resistance  is  known  as  '  multiplier'  when  used  on  d.c  circuits.  Suppose,  the  range 
of  the  instrument  is  lo  be  extended  from  v  to  V.  Then  obviously,  ine  excess  voltage  of  ( V  -  v)  is  lo 
be  dropped  across  R.  If  i  is  the  full-scale  deflection  current  of  the  instrument,  then 

O— I  1  1  O  O  1  1  <3 


Voltage  magnihcaiion  =  VfV 


ot 


ir  V 

Hence,  greater  ihe  value  of  ft.  greater  is  the  extension  in  (he  voltage  range  of  the  instrument. 

For  d.c  work,  the  principal  requirement  of  R  is  that  its  value  should  remtun  constant  i.e.  Jt 
should  have  low  temperature  eoefiicicnt.  Bui  for  a.c.  work  it  i>,  essential  that  (Dial  impedance  of  the 
voltmeter  and  the  series  resistance  R  should  remain  as  nearly  constant  as  possible  at  different 
frequencies.  That  is  why  ft  is  made  as  non-inductive  as  possible  in  order  lo  keep  the  inductance  of  the 
whole  circuit  to  the  minimum.  The  frequency  error  introduced  by  the  inductance  of  the  instrument  coif 
can  he  compensated  by  shunting  ft  by  a  capacitor  C  as  shown  in  Fig,  10. 15.  In  case  /  <*:  R.  the  impedance 
of  the  voltmeter  circuit  will  remain  practically  constant  (for  frequencies  upto  1000  Hz.)  provided. 

C  =   ^^0,41  A 

(I  +  nW  /T 

Example  10,2.  1  ?^0-\oh  fnccinm-in'tt  voltmeter  tttfu's  a  eurniei  of  0.05  A  « Jun  tunnel  led  u> 
rt  250-  vol  I  d  t  supply  Tlte  roil  has  an  inductance  oj  I  henry.  Determine  the  reading  on  the  meter 
when  nmneited  to  a  250-mlt.  tun  I  It  a.c  supply.     *  (Elect.  Engg..  Kvniln  1  niv  luK7i 

Subitum.  When  used  on  d.c.  supply,  the  instrument  offers  ohmic  resistance  only.  Hence, 
resistance  of  the  instrument  ^  25O/0.05  =  5000  £1 

When  used  on  a.c  supply,  the  instrument  offers  impudance  instead  of  ohmic  resistance 

impedance  at  100  Hz  =  ^OOO2  +  {In  x  100  x  \f  =  5039.3  SI 

instrument  m  250  x  500Qtf03&3  -  248  V 
Example  10.3  .A  sprinx-enwrvlled  mttvinx-wm  voltmeter  reads  correctly  on  250-V  tic.  Culnt* 
late  the  wale  readm?  when  250- V  at:,  is  applied  at  50  Hz.  Vie  instrument  cod  ha.%  a  rvtiscumce  of 
5fX>  i)  and  an  uuiuelame  of  I  fi  and  the  series  (nun -reactive  I  resistance  is  1000  Si. 

iKhel.  Instro.  X  Measure,  Nagpur  l.'niv.  mil 

Solution.  Total  circuit  resistance  of  die  voltmeter  is 

=  f>  +  /?)  =  500  +  2.000  b  2.500  Q 
Since  the  voltmeter  reads  correcUy  on  direct  current  supply,  its  full-scale  deflection  current  is 
=  250/2500  =  0,  J  A. 

When  used  on  a.c.  supply,  instrument  offers  an  impedance 
Z-  J2500j  +  (2nx50xlr    =  2.520  Si    :.    f  =  0.0W  A 


Elettricui  Techmdofiy 


Voltmeter  reading  on  a.c.  supply  -  250  x  0.099/1  -  348  \* 
Sate.  Since  swamp  resistance  tt  =  2JQQQ  ii,  capacitor  required  tor  Miwjmrjjjtfm  ihe  frequency  error  is 

C  =  0.41  /V/H  =0.41  x  l/2000!  d  0.1  lF. 
t\umpl<  hl.-l.    \  /;"-l'"v,  ur  v.dmt'ler  tmended  lot  Sf <  //;  ftm  /m  iWm.'lnnrr  »»/*().  ?  // 

ond  a  mktwtee  of 3  icW.  Find  tliv  teriet  resinwtee  required  to  extend  the  runye  of  the  inurnment 
tit  MtO  V.  If  ittn  JOthV.  $U- H.;  itixtt timrnt  t.\  uxad  H  measure  a  iLe.  itdtu^e.j'md the  d.c.  Milage  ir/irn 
the  Htiti  reudinv  n  200  V  (Klret.  Measur.  A.M.I.R,  Sec  H.  IWI) 

Solution.  Voltmeter  reactance  =  2n  x  50  x  0.7  =  220  fl 
Impedance  tit  voltmeter  =  13000  +  j  221))  =  31)08  ii 

Wlu*n  Ihc  voltmeter  range  is  doubled.  Us  impedance  has  also  to  be  doubled  in  order  to  have  (be 
same  current  for  lull-scale  deflection.  If  R  is  the  required  series  resistance,  then  {3000  4  Rf  =  220' 
=  QxlOm)1         R  =  101211 

When  Used  on  d.c,  supply,  if  the  voltmeter  reads  200  V,  die  actual  applied  d.c.  voltage  would  DC 
=  300  x  (6016/60 1 2)  =  200.134  V 

L\urnplt'  10.5.  the  tail  of  u  min'mft-trtm  voltmeter  lui.*  it  re\t>huu:e  »rf  5.000  il  tft  15%'  at 
ubieh  h'tttprr.iiuit  il  teatl.-.  iurrmh  nbrn  lonnrcted  ti>  a  uipplv  of  200  V.  if  the  i  oil  m  ivflMlif  With 
wire  whose  temperature  coefficient  at  t  JTC'  iv  tl.004,  find  tih  petYt  nta^e  vrror  in  die  trtidiuy;  n  In  t\ 
the  trmprrutitrt-  r.i  fit  ft" 

In  t'tt  .di.-ii  ttt*tnur\i-ni  iiti  ,  "il  tx  rrjiliu  ed  hv  one  of  2.000  il  l>u!  Ituvin.i:  du  Mimr  nuiuhet  of 
titin.\  ititd  tin  mil  5,000  ti  u.u.uance  in  obtained  hv  coiiitetttnx  in  series  a  JXHH)  U  remittor  <i( 
^ffMjfimt  tempi'rtiturc-t:t)ejfiiiaiL  If  this  imtrumejif  reuds  corrcctty  at  f5"C  irltot  will  be  its  per' 
cetmofr  error  m  5<f'C 

Solution.  Current  at  1 =  200/5,000  =  0.04  A 
Resistance  at  50T"  is  Rw  =  K,,  </  +  a„  x  35} 

r?w  =  5.000  (I  +  35  x  0.004)  =  5.700  il 
cuntiit  al  5fl°C  =  200/5.700 

reading  al  5<nc  =  2m  *  <  2QO/5. 700)  =  1 75  -4  V  or  =  200  *  5000/5700  =  175.4  V 

175.4-200 
%  error  =   ^  *  100  =  -12 J'  < 

In  the  lecoad  case,  swamp  resistance  is  3,0(X)  C  w  hereas  the  resistance  of  ihe  instrument  is  only 

:.(xw  n. 

Insinimcni  resistance  al  50°C  =  2.000  (I  +  35  x  0-004)  =  2, 2 SO  il 

total  resistance  ai  5CTC  =  3,000  +  2,280  =  5,280  11 

current  at  50°C  =  200/5.280  A 

instrument  reading  =  200  x  ®  =  189.3  V 

189.3  -  200  lnr 
pcrceniage  error  xl(X>=-?.4'i 

Fvumple  10.6.  The  ehuuiif  <•(  induehttu  e  lot  %i  moving  iron  untmeter  rv  2plifdeKMt,  The 
outirtii  tpftH$  tKWUapi  »  -5  *  10"  N-nvdeftree. 

'fit*  iim.umion  deflection  ot  the  fit-huci  i\  OKI''  irii.it  n  the  .  itm  ni  ,  \>iti  •,i>.-iidini:  to  <vu\ttnutr. 
defleetion  '*  (Measurena'til  &  inMnninnt.din.il  N.i^|uii  t'in\.  iWlt 

SnUitioii  A*  seen  from  Art.  10. 12  the  deflecting  turque  is  given  by 

_        I  ,1  dL 


Control  spring  constant  =  5  x  I0"7  N-m/degree 

Deflection  torque  lor  100*  deflection  =  5  x  10"7  x  100.81  =  5  x  10 N-m  ;  dUdb  =  2  uH/dcgrcc 
H/tlegrec 

5>  10"' a  JL  j<2x  10"*    /.    /  =  50  A. 


2  x  10"*  H/degree 


ur  readirif  >  250  x  2500/2520    248  V . 
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Kxiiniplt'  10.7.  The  inductance  of  attractitm  type  m.ttritmcnt  is  gnvn  by  L  -  ( Hi  +  50  -  6"  ijj// 
»ltijrv  ti  M  the  ddftremm  in  radian  from  urn  /xniiu-n  Hir  v'n».«  constant  ||  12  x  10  N-nvntd 
Find  iWl  the  dcfltctum  tor  a  turrcnt  <t{ 5  A. 

(Elccl.  and  lili'clninirv  Mea-surtmients  and  Measuring  Inslruuunls  N»gpnr  l!niv.  tWJt 

Solution.  L  =  flO  +  5  6  -  83)  x  10"*  H 


2*m  -  (5-26)x  10    1 1/iaiJ 


Let  ihc  tlL-llection  be.  9  radians  lor  a  current  of  5 A.  then  deflecting  torque. 


■Mm  . 


4  "   2  <fl» 


Equaling  tht1  iwt.  torques,  get 
12x10^x0=  4x5^  (5-  28)  x  10"* 


x  8  N-m 


8=  UiHy  radian 


.Art, 


Tutorial  Problems  Nn.  10. 1 

t.  Derive:  an  expression  for  the  torque  of  a  moving- iron  ammeter.  Ilie  inductance  of  a  certain  rnovingv- 
iro<i  jmnicter  is  (&  4  48  -  ¥t  8')  u//  where  %  is  die  deflection  in  radians  from  the  zero  position.  The  control- 
spring  torque  is  12  x  I  Of*  N-tWrad.  Calaeulate  the  scale  position  in  radians  lor  a  current  of  3A_ 

jl.lW  rad  !(/.£.£  London) 

1.  An  a-c.  voltmeter  with  a  maximum  scale  reading  of  50- V  has  a  resistance  of  500  Si  and  an  inductance 
pf  0,0y  henry.  The  magnetising  coil  is  wound  with  50  turns  of  copper  win;  and  the  remainder  of  the  circuit  is  a 
non-inductive  resistance  in  scries  with  iL  What  additional  apparatus  is  needed  to  make  this  instrument  read 
correctly  on  both  d.c.  circuits  or  frequency  60  ?  |ft.44  uF  in  parallel  uHth  wricv  ri-d>UnrL  | 

A  10- V  moving-iron  ammeter  has  a  full-tcalc  deflection  of  40  mA  on  d.c.  cuvuil,  It  reads  0,Kf*.  low 
on  50  Hz  ax.  Hence,  calculate  the  inductance  of  the  ammeter.  1 1 15J5  iiiH] 

4.  It  is  pmposcd  to  use  a  non-inductive  shunt  To  increase  the  range  of  a  10-A  moving  iron  ammeter  to 
KiO  A  The  resisuuicr  of  the  instrument,  including  the  lead'*  to  ihe  •d>un(.  in        11  ami  ihe  inductance  i>  l.=i 
■a  tuli  scale   h  ilie  Luiiihiiutinn  im  Lfrrect  on  a. d.c  lulUH.  find  [he  error  :a  lull  scale  on  a  51)  II:'  a  •_.  circuit 

(3.5  rr  iLi>ndtin  L/ntv  i 

10.14.  Moving-coil  Instrument's 

There  are  two  types  of  such  instruments  [Q  penmmait-mognet  type  which  can  be  used  ("or  d.c. 
work  only  and  OYl  die  dynniru  wider  type  which  can  be  used  holh  for  a_u.  and  d.c.  work, 

10.15.  Pennunenl  Mugnel  Tip*  lu.SlninH.-nLH 

The  operation  of  a  permanent -magnet  moving-coil  type  instrument  is  be  based  upon  the  prin- 
ciple that  when  a  current- csuTYing  conductor  is  placed  in  a  magnetic  field,  it  is  acted  upon  by  a  force 
which  lends  to  move  it  to  one  side  and  out  of  the  Held. 

Const  ruc  tion 

As  Its  name  indicates,  the  instrument  consists  of  a  permanent  magnet  and  a  rectangular  coil  nf 
many  trans  wound  on  a  light  aluminium  or  copper  former  inside  which  is  an  iron  core  as  shown  in 


Pole  Piece 


Matfncl 


Rg.  10.16. 


Fig.  10.17 


Electrical  technology 


Fig.  I  tl  1 6.  The  powerful  I  U-shaped  permanent  magnet  Ls  made  of  Alnico  and  has  soli- mm  end-pole 
pieces  which  are  bored  out  cylindrieaily.  Between  the  magnetic  poles  fa  fixed  a  waft  iron  cylinder 
whose  function  is  ii)  10  make  die  field  radial  and  uniform  and  (if)  to  decrease  the  reluctance  of  the  air 
palh  between  the  poles  ami  hence  increase  the  magnetic  llux.  Surrounding  the  core  is  a  rectangular 
coil  of  many  turns  wound  on  a  Light  aluminium  frame  which  is  supported  h\  delicate  bearings  and  u> 
which  is  attached  a  light  pointer.  The  aluminium  frame  not  onb  provides  support  for  die  coil  but 
also  provides  damping  by  eddy  currents  induced  in  it.  The  sides  of  me  coil  are  free  to  move  in  the 
two  air-gaps  between  the  poles  and  core  as  shown  in  Fig.  lU.lft  and  Fig.  10.17,  Control  of  the  tori 
move  me  in  is  affected  by  two  phosphor-bronze  hair  springs,  one  above  and  one  below ,  which  addi- 
tionally serve  die  purpose  of  lending  the  current  in  and  out  of  the  coil.  The  two  springs  are  spiralled 
in  opposite  directions  in  ordei  ;■•  in.-uir.iii  a."  die  effects  ol  temperature  changes 

l)i Milling  i'orujuv 

When  eurreni  is  passed  through  the  coil,  force  acts  upon  its  hull)  --ides  which  produce  a  deflect  - 
i up  torque  us  shown  in  Fig  10.18.  Let   ^.  — ,_r= 


If  /  ampere  is  the  current  passing  through  tlie  toil,  then  ^ 
i  In  magnitude  o<  the  force  experienced  by  each  of  its  sides 
is  -  Bit  newton 

For  iV  turns,  [he  force  on  each  side  of  ihe  coil  is  =  NRH  new  ion 
deflecting  tonouc  T s  -  force    perpendicular  distance 

=  NBll  yb  =  NB!\l  x  fc>  -  NBIA  N-m 

where  A  ts  the  face  area  of  ihe  coil. 

Ii  is  seen  that  if  B  is  constant,  then  Tj  is  proportional  to  (he  current  passing  through  the  cod  i.e. 

w 

Sach  instruments  arc  invariable  spring  -controlled  so  diat  7]  ■■>-  deflection  (J 
Since  ;ii  the  final  deflected  position.  id  -  i \     :.  fJ  «  / 

Hence,  such  instruments  have  uniform  scales  Damping  is  electromagnetic  i  c.  by  eddy  currents 
induced  in  the  metal  frame  over  which  the  coil  is  wound.  Sine  die  frame  moves  in  an  intense 
magnetic  Ml-UI,  llii-  indited  eddy  currents,  arc  large  and  damping  is  very  effective. 

HI.  16.  \d\aiiiugL-  unci  Disadvantages 

['he  permanent- magnet  moving-coil  (PMMCi  type  instruments  have  the  following  advantages 
.ind  disadvantages  : 
\d  vantages 

I    They  have  low  power  consumption. 

2.  their  scales  are  uniform  and  can  be  designed  to  extend  over  an  arc  of  il<¥  or  so. 

3.  they  possess  high  Uorquc/weighO  ratio. 

4.  they  can  be  modified  with  the  help  of  sfjunt-,  and  resistances  to  cover  a  wide  range  of 
currents  and  voltages. 

*i    they  have  no  hysteresis  loo. 

f>.  they  have  very  effective  arid  ellicieiil  eddy-cunent  damping. 

7.  since  the  operating  fields  of  such  instruments  are  very  strong,  ihey  are  nol  much  affected  by 
stray  magnetic  fields- 
Disad  vantages 

I    due  to  delicate  core truct ion  and  die  necessary  accurate  machining  and  assembly  nf  various 

parts,  such  instruments  ore  somewhat  costlier  as  compared  to  moving-iron  instruments. 
1.  some  errors  ore  set  in  due  to  the  ageing  of  control  springs  and  the  parmaneni  magnets. 
Such  instruments  are  mainly  used  for  d.c  work  only,  but  they  have  been  sometimes  used  in 
conjunction  with  rectifiers  or  triermo-juticuons  for  ax,  measurements  over  a  wide  range  or  frequencies. 
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Permanent- magnet  moving-coil  instruments  can  he  used  as  ammeters  (with  the  help  of  a  kr* 
resistance  shunt)  en  as  voltmeters  (with  the  help  of  a  high  scries  resistance). 

I  he  pririi.-tpk-  of  permanent -magnet  moving-coil  type  instruments  has  been  utilized  in  the  con- 
struction of  the  fallowing  : 

I .  Fur  n.c.  gulvanometer  which  can  be  used 
fur  detecting  extremely  small  dc,  cur- 
rents. A  gal  v  j  no  meter  may  be  used 
either  as  an  ammeter  (with  me  help  of  a 
low  resistance  l  or  as  a  voltmeter  (with 
the  help  of  a  high  series  resistance].  Such 
a  galvanometer  (of  pivoted  type)  is 
shown  in  Fg.  10. 19. 

1  By  eliminating  the  control  springs,  the 
instrument  can  he  used  for  measuring  the 
quantity  of  electricity  passing  through  the 
coil.  This  method  is  used  for fluxmr.te.rs. 

II.  if  the  control  springs  ul  such  an  uislru 
men!  are  purposely  made  of  large 
moment  of  inertia,  then  it  can  be  used  as 
ballistic  galvanometer 

K\ tension  "T  Ranee 

Vs  Vrnmelcr 


Fig.  10. 19 


10.17. 

in 

When  such  an  instrument  is  used  as  an  ammeter,  its  range  can  be  extended  with  the  help  of  ti 
low  resistance  shunt  as  shown  in  Fig.  10.12  (a)  This  shunt  provides  a  bypath  for  extra  current 
because  it  Is  connected  across  (i.e.  in  parallel  with)  the  instrument.  These  shunted  instruments  can 

be  made  to  record  currents  many  times  greater  than  their  normal 
full-scale  deflection  currents.  The  ratio  of  maximum  current  l  with 
shunt)  to  the  lull-scale  deflection  current  (without  shunt)  is  known 
as  the  'multiplying  power'  or  "multiplying  factor'  of  the  shunt. 
Let     ff„  -  instrument  resistance 
S  =  shunt  resistance 

lm  =   full-scale  deflection  current  of  the  instrument 

/  =  line  current  to  be  measured 
As  seen  from  Fig  10.20  {a),  the  voltage  across  die  instrument  coil  ami  llie  shunt  is  the  same 
since  both  are  joined  in  parallel 


fig.  10.20  la 


u-u 


;  Also 


■+ 

5 


multiplying  power  =     |  i 


ft*. 


Obviously,  lower  the  value  of  shunt  resistance,  greater  its  multiplying  power, 
ni  l    \s  toltrueter 

The  range  of  this  instrument  when  used  as  a  voltmeter  can  be  increased  b>  using  .■  high  resis 
tance  in  series  with  it  |Fig.  10.20  (b)\. 


Let 


L  -  full-scale  deilcction  current 

IT  I 

R^  =  galvanometer  resistance 

=  Rmim  =  full-scale  p.d.  across  it 

=  voltage  to  be  measured 

-  senc    eMslance  re  qui  red 
V 


v 
V 
R 


Then  it  is  seen  that  the  voltage  drop  across  R  is  V 

R  ./=  V-v 


Vbbroeter 


R  =  i-  -i  or 


Fig.  10.20  lAi 


I. 
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Dividing  both  sides  by  v.  we  gel 


v         v  fit,    v  v 


voltage  multiplication 


-  H) 


Obviously,  larger  the  value  o(  R,  grtaier  the  voltage  midliplicaiiori  or  range,  Fig.  10.20  (frl 
shown  a  voltmeler  with  a  single  multiplier  resistor  for  one  range  A  mulu -range  voltmeter  requires 
on  multiplier  resistor  for  each  additional  range. 

l-.xarnpJe  10.K.  A  ihuvuh,-  coil  oimtu  u'r  tui\  a  (lied  shunt  of  0  02  ft  with  u  coil  circuit  riesisianrt 
ofR^  I  ill  ami  need  potential  diffrnmre  of  0  5  V  mntu  M  for  full-wale  deflection, 

ill  la  what  total  current  does  this  ivrrvspond  ' 

lit  Calculate  the  value  of  xhum  to  giv?  full  utile  deflection  when  (lie  total  current  W  Id  A  aiut 
75  A  i  MtiLsurunu'nl  &  Instrumentation  \jgpui  I  tin  i'*''3i 

^.iHHnm.  ||  iihiiuW  be  noted  that  ihc  shnni  and  ihe  meter  coi!  are  in  parallel  and  have  a  common 
p.d.  of  0.5  V  applied  across  them 

( 1  >  .-.  /„  =  0.5/1000  =  0.0005  A:  /,  -  025  Al.02  =  25  A 

line  current  =  25.0005  A 
(2)  When  total  current  is  10  A,    /,  =  1 10  -  0.0005)  =  9.9995  A 

"  f  9.9995 

When  lotiiJ  currenl  is  75  A,  /,  =  (75-0,0005)  =  74.9995  A 
.-.    J  -  0.0005  x  1000/74.9995  =  0.00667  ft 

Example  lO.y.  1  moving-*  od  instrument  has  a  resistance  of  10  ft  and  %lves  full- wait  dffltt 
Uon  when  cumini;  a  current  of  50  mA.  Show  how  it  run  hf  adopted  to  measure  voltage  up  to  \ 
and  cunvtm  upw  1000  A.  (Elements  of  Elect.  Engg.1.  itangalore  Univ.  1987 } 

Solution.  1a)  A*  Ammeter.       ^  r^ioo 

As  diseased  above,  current  range  of   o— •  r — (nnf)-  ' 

the  meter  can  be  extended  by  using  w,«a 
a  shunl  aems-.  il  |Fig.  I0.2I  ici)\  ±, 

Obviously,  t 

JO  x  0.05  =  5  x  99.95 

.-.    5  =  0.0O5  ft 


-vw- 


7S0  V 


(fci  As  Voltmeter.   In  this    °  (m 
case,  the  range  can  be  extended  by  M  .„,. 

l-  t.  .  n  ■  ■  f'lE.  10.21  , 

using  a  high  resistance  R  tn  series 
with  il 

|  Fig.  10 J I  (h)\.  Obviously,  R  must  drop  a  voltage  of  (750-0 J)  =  7493  V  while  carrying  0.05  A. 

0.05  R  m  749.5    or    ft  =  14.990  ft 
I  vain  pi  i-  10.10.  H<n\  nitl  vim  use  q  f.M.M.C  in\trumrni  iWwWi  ghti  full  JKtfflf  deflection  ot 
U>  mi' p.d  and  10  mA  currnet  a\ 
(t|  Ammeter  t)    hi  A  range 

(2)  Voltmeter  0-210  V  nmxe  I  Elect.  Instruments  &  Measurement*  Nugpur  I  ni  v.  1993 1 
Solution.  Resistance  of  the  iT.srrurnent  R  ■=  50  mV/10  mA  =  5 

or 

(il    As  Ammeter 

full-scale  meter  current,  Im  =  10  m.A  ■  0.01  A 
shuni  current  /,  =  /  -  tm  =  ID  -  0.01  -  9  99  A 

Rend,  shunt  resistance.  S  ^  ~  -  0.0005  ft 
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I cif J  As  Voltmcu-r 

Full-scale  deflection  voltage,  v  -  50  mV  a  0.05  Vi  V  =  25G  V 

r,     .  „     V-v    250  -  0.05 

Reqd  series  resistance  K  =     ^      -      (M;j~     =  2-1.^012 

m 

Example  It). II.  A  i  iirent  galvanometer  hn\  the  following  parameters 

8^  l<>  .  10  '  \\'b/m  .  ;V  =  200  Nimv  I  =  I  ft  win. 

J  ■  /6  mm;  t  =  /J  x  JO'*  Nm/nuhan. 
Calculate  the  deflection  of  the  galvanometer  when  a  current  oj  I  \iA  ilcm  '  through  it. 

I  Elect.  Measurement  Nagpur  L'nh.  IWJt 

Solution,  Deflecting  torque  T^-NBIA  N-m  =  200x(l0x  I0~3)x(1  xlO^lxH  x  10"V<lti 
x  IO"J>N-m  =  5l2x  lO'^N-m 

Control  ling  torque  Tt  -  controlling  spring:  constant  x  deflection  =  12  x  10  '  x  6  N-m 

Equating  the  deflecting  and  controlling  torques,  we  have  12x1 10   x  6  =  512  x  10 

6  =  0.0427  radian  =  2.45"- 

Example  1(1.12.  The  foil  oj  ,i  moving  roil  permanent  nmgnet  voltmeter  is  JO  itmi  long  ami 
Ji.l  mm  wide  and  has  I0O  innv>  an  it.  The  control  ••pnng  exert*  u  torque  oj  \2tt  ■  IU  n  N-m  when  the 
deflection  i*  100  division*  on  full  nculc  If  the  flux  density  of  the  magnetic  field  at  tlw  air  gap  u 
(1.5  WMn"  mtinuvt  the  fKUianr  that  must  If  put  tn  >fnr.i  with  tltr  toil  to  give  otw  volt  fier  divixum. 
The  restst<m\  c  oj  the  voltmeter  coil  may  hi  m  lj .'"r- i  lt  d  (Elect.  Mesur.  AMIK  Sec.  It  Summer  I  W|  < 

SnUiikui.  Let  /  be  Ihe  current  for  full-scale  deflection  Deflection  torque  T4  ■=  NBlA 

=  100x0.5  x/k(1200x  10  ^  =  006 / N-m 

Controlling  torque  Tt   =  120  x  10""*  N-m 

In  the  equilibrium  position,  the  two  torques  arc  equal  i.e.  Td  =  Tt. 

.-.    0.06/=  120  x  10"*    A    /=2x  10"1  A 

Since  the  instrument  is  meant  to  read  1  volt  per  division,  ills  full-scale  reading  is  100  V 
Total  resistance  =  IIXV2  x  10  '=  500,000  ti 

Since  voltmeter  coil  resistance  is  negligible,  it  represents  the  additional  required  resistance 
Ii-vamph'  10. 13,  Show  that  the  torque  produced  in  a  permanent -magnet  moving-coil  instru- 
ment m  proportional  to  the  areu  of  the  moving  coiL 

A  moving-coil  voltmeter  gives  jufl-scale  deflection  with  tt  current  of  5  mA.  The  coil  lias  100 
tunu.  effective  depth  of  J  cm  and  width  of  25  cm  Flu  ■  ^iitrolling  torque  of  ilit  \pnng  is  OS  cm  for 
full-scale  deflection   Estimate  the  flux  dtmstts  tn  the  e<ip  (Elect.  Meas.  \L»ruth«ads  1  nn.  \i>h5> 

Sululiuri.  The  full-scale  deflecting  torque  ts  Ta  =  NBtA  N-m 
where  /  is  Lhc  full-scale  deflection  ton  en  t ,  /  =  S  niA  =  0.005  A 

T4  =  100  x  B  x  0.005  x  (3  x  2.5  x  10™*)  -  3.75  x  10^*  8  N-m 
The  controlling  torque  is 

Tr  =  0.5  g-cm  =  0.5  g.  wLcm  ■  0.5  x  10" J  x  10"1  kg  wt-m 
=      x  J0"!  x  9.8  =  4.9  x  If)"5  N-m 
For  equilibrium,  the  two  torques  arc  equal  and  opposite. 

4.9  X  10"^  =  3,75  x  10"1  B    .\    fl=0.13  Whfm1 
Example  10,14.  A  moving -eml  mtliuimmtter  Ima  a  resistant  c  of  ?  Q  ii/td  a  full-Male  Jeflc,  fit  <> 
20  mA.  Determine  the  resistance  of  a  shunt  h>  be  u^rd  \<>  that  the  instrument  could  meastin 
currents  opto  500  mA  at  20"  C.    What  is  the    •  ■  entai>e  error  in  the  instrument  operating  as  u 
scinpcriimre  of  4Q*C  -*  Temperature  crt-efficit  tn  t*f  ettpfier  x  0.0039  per  "C- 

(Mensu.  &  :  ■  trnnu'ntalinri,  Alluhuhad  I'n'n.  IWli 

Solution.  Let  be  the  shunt  resistance  at  20°C.  When  ihe  temperature  is  20eC,  line  current 
is  500  mA  and  shunt  current  is  =  1500-20}  =  480  mA. 

5  x  20  =  /?3n  x  480.    R ^  =  I  /4.8  £i 


3t>8 


llntncal  I'erhrtufaxy 


If  Kw  is  the  shunt  resistance  at  40"C  then 

Rm  ff™  i  l  +  20  a)  =  -p-  (1  +  0.0039  x  20)  = 


Shun!  cuircni  at 


40"Cis  = 


4.8 
5x20 


L07S 
4.3 


=  445  mA 


A  a  ] .73  X  10"*  X  1368/1 1  =  215.2*  10"*  cm3 


1.078/4.8 
Line  current  =  445  +  20  =  465  mA 

Although,  line  current  would  be  only  465  mA,  the  instrument  will  indicate  500  mA. 
error  -  35/500  *  0.07  or  7% 

I  samplf  10.15.  4  mtving-eatl  millivultmcwr  km  a  rvsistuncr  of  2011  and  full-  wale  dcflerlion 
of  /»frn  reoehed  wheo  a  potential  different  <•  I  ""ml  rv  applied  arret  \  its  termimih  The  wri«,c 
luilhtu  ihtr  I'lfeitiit  dirtwiniom  i  i  mi  •  2.6  im  and  i»  uotuid  mill  120  iuni<-  The  flux  density  m 
the  tup  is  0.15  WMn'  Determine  ihe  rotund  rutistaiu  of  die  spring  a/ui wiiiahlt  diameter  .if  copper 
wtrt  for  mil  trmdiny  i/S5f.i-  of  fatal  m\trumt:nt  rruManre  i.i  due  to  rod  n  anting  p  far  cupper  -  i.7i 
x  K>    Q  cm  (ESccL  Inst,  and  Mcas,  MA  Unf*.  Barada.  I'JKSi 

Soliitino.  Full-scale  deflection  current  is  =  1 0(1/20  =  5  mA 

Deflecting  torque  fur  full-scale  deflection  of  [20°  is 

Tj  =  NBIA  =  120  x  0. 15  x  15  x  I0~3)  x  (3.1  x  2-6  x  10^)  =  72-5  x  10"*  N-m 

Control  constant  is  defined  as  the  deflecting  torque  per  radian  (or  degree)  or  deflection  of  mov- 
ing coil.  Since  this  deflecting  torque  is  for  120"  deflection. 

Control  constant  =  72.5  x  10  /1 20  =  b.04  x  10'1  N-iiL/degre* 

Now.  resistance  of  copper  wire  -  55%  of  20  11  -  1 1  Q 

Total  length  of  copper  wire  =  1 20  x  2  (3. 1  +  2.6)  =  1 368  cm 

Now  R  =  pVA 

rtJ74  =  215  2  x  |0"* 

d  =  ^2l5x4x  10"* M  =  16.55  x  10  3  cm  =  0.1 65S  mm 

1 0.1K.  Voltmeter  >eiLMliviiv 

It  is  defined  in  terms  of  resistance  per  volt  (Q/Vj.  Suppose  a  meter  movement  of  I  Hi  internal 
resistance  has  s  full-scale  deflection  current  of  50  u  A.  Obviously,  full-scale  voltage  drop  of  the 
meter  move  met  is  =  50  u  A  x  1000  Q  =  50  raV  When  used  as  a  voltmeter,  its  sensitivity  would  be 
1 000/50  x  1 0"3  =  20  kil/V.  It  should  be  clearly  understood  that  a  sensitivity  of  20  kll/V  means  that 
the  total  resistance  of  the  circuit  in  which  the  sbove  movement  ts  used  should  be  20  kQ  for  a  full- 
scale  deflection  of  I  V. 

10.19.  Multi-range  Voltmeter 

It  is  a  voltmeter  which  measures  a  number  of  \  tillage  ranges  with  the  help  of  different  series 
resistances.  The  resistance  required  for  each  range  can  be  easily  calculated  provided  we  remember 
one  basic  fact  that  die  sensitivity  of  a  meter  move  men  I  i.s  a  aiw  ays  the  same  regardless  of  the  ranjjc 
selected.  Moreover,  the  full-scale  deflection  current  \\  the  same  in  every  range.  For  anv  range,  the 
total  circuit  resistance  is  found  by  multiplying  the  sensitivity  by  die  full-scale  voltage  fur  that  range. 
For  example,  in  the  case  of  the  above-mentioned  50uA,  I  kll  meter  movement,  total  resistance 
required  for  1  V  full-scale  deflection  is  20  kii.  It  means  that  an  additional  series  resistance  of  19  kll 
is  required  for  the  purpose  as  shown  in  Fig,  10.22  (a). 
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Fig.  10.22 
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For  10-V  range,  total  circuit  resistance  must  be  (20  kli/V)  1 10  VI  =  200  k£l.  Since  total  resis- 
tance for  1  V  range  is  20  k£l.  the  scries  resistance  R  for  10-V  range  =  200  -  20  =  I  SO  kil  as  shown 
in  Fig.  10,22  {by 

For  the  range  of  100  V,  total  resistance  required  is  (20  kilAO  f  1 00  W)  =  2  MO.  The  additional 
resistance  required  can  be  found  by  subtracting  the  existing  two-range  resistance  from  die  total 
resistance  uf  2  MQ.  Its  value  is 

=  2  M  a  -  1K0  kfl  -  Ju  kQ  -  I  ksi  =  I  ,B  Mil 

it  is  shuwn  in  Fig.  10,22  (c>. 

Lxiiiiiple  ID.ffi,  A  /wwi'i/'  Arm/mil  mnvmeni  with  nurnml  rtwiMtim,  Rn  =  It  Hi  LI  un,i  full 
icuie  tleflcrtinti  vurrrni  I,  =  I  ntA  t\  li>  hr  ttmvertt'tf  wit'  a  muitirurixt  d.t:  vitltmeier  with  milage 
AMf*>  of  0-10  V,  ff-.W  V,  0-250  Vmul  0-500  V  Dnm  the  mvcwwrv  r  irrnit  urmngrmcnt  umf  ftmt 
th*  \-alws  of  .suitable  multipliers  <ln.strumertin1inn  W1IF  Sec.  H  Winter 

Solution.  Full-scale  voltage  drop  =  {I  mAj  (IOC)  £1)  =  100  mV.  Hence,  sensitivity  of  this 
movement  is  100/100  x  I0"?  -  I  kSTZ/V 

«)  0- 10  V  range 

Total  resistance  required  -  { I  Ul/V)  ( 10  V>  =  10  kfi.  Since  meter  resistance  is  1  kH.  additional 
series  resistance  required  for  this  range  ff,  =r  |Q  -  I  =  V  Itfli 
<u)  «-Sl)  V  range 

RT  =  ( I  UW)  (50  V)  =  50  kil;  J?2  *  50-9- I  =  40  kQ 
(ml     250  V  range 

ftT  =  { 1  k£l/V)  (250  Vf  =  250  kfl;     =  250  -  50  -  2tM  kH 
(fvt  l>— 5<KI  \  range 

RT={]  k£l/V)  (500  V*  =:  500  kfl  ;  /?„  =  500  -  250  =  250  kil 
The  circuit  arrangement  is  similar  to  the  one  shown  in  Fig,  10.22 
Tutorial  problem  No.  10*2 

1.  The  Flux  density  in  the  gap  of  a  1-mA  (fall  scale)  moving  '-coll'  ammeter  is  0.1  Wb/nr  Tile  rectan- 
gular moving-coil  is  3  nun  wide  by  I  cm  deep  and  is  wound  with  30  urns.  Calculate  the  full-scale  wnjue  which 
mast  be  pnwided  by  the  springs.  [4  x  I0'1  M-m|  tApp.  Kite,  huulrm  tilth  I 

2.  A  moving-coil  instrument  has  11)0  tarns  of  wire  widi  u  resistance  of  It)  Li,  on  ocLi  ve  length  in  die  gup 
of  ^  cm  and  width  of  2  cm,  A  p.d,  of  45  mV  produces  fall-scale  deflectum.  The  control  spring  e«ns  u  torque 
of  490,5  x  10'  N-m  nl  full-scale  deflection.  Calculate  ihe  flux  density  in  die  gap. 

|(MKI7  UWnTl  (J,£E  t/in*wj 

3.  A  moving-coil  instrument,  which  gives  fall-scale  deflection  with  {1.015  A  has  a  copper  coil  having  a 
resistance  of  1 ,5  II  at  x  15  "C  and  a  temperature  coefficient  ot  1/234.5  at  0*C  in  series  widi  a  swamp  resistance 
of  .3.5  LI  having;  a  negtligible  temperature  coefficient. 

Determine  («)  the  resisiance  of  shuni  required  for  a  full-scale  deflection  of  211  A  and  t,k\  ihe  resistance 
required  for  a  full-scale  deflection  of  250  V,  , 

II  Ii.-iiimp.  -in  icads  correctly  ul  15V  ■.■  >.- n  r.  1 1 ■  >l-  itk  pcrccitufu-  ;      •■■  i.  :... I  .a--:  wiun\  tJte  ren  fanm 

Is  25°C.  \{ai  IKIXl37ft  Q  ;  1.3  *y  [hi  Ift.hh2  II  negligible \{App.  Elect  Umtinn  Univ.\ 

4.  A  direci  current  ummeler  and  leads  have  a  total  resistance  of  1.5  Q.  The  instrument  gives  a  Fall -scale 
deflection  for  a  currem  of  50  rfiA.  Calculate  die  resistance  of  the  shunts  necessary  to  give  fall-scale  ranges  of 
2-5.  5.U  and  25  0  amperes  |U.lt30fc  ;  I  0.11)51  S  :  IMHI3M  fl|  {I.E.E.  Umdon) 

5.  The  following  data  refer  n,i  a  mu-ving-cuil  voltmeter  :  resistance  —  10,0(10  IX  dimensions  of  coil  =  .\ 
cm  x  3  cm  :  number  or  turns  on  coil  =  100.  flux  density  in  air-gap  -  U.Q8  WhW,  stiffness  oi'  springs  =  3  x 
10"*  N-n>  per  degree.  Find  the  deflection  produced  by  1 10  V.  |JH.I  "|  (Lnmlun  Univ.) 

is,  A  moving -toil  inslrumenl  has  n  resisiance  of  )  .0  11  and  gives  a  full-scale  deflecncsi  of  150  divisions 
with  a  p.d.  of  0.15  V.  ChIcuIiuc  Ihe  est™  resistance  required  and  show  how  ii  is  connected  to  enable  the 
instrument  tcr  be  Used  bs  a  voltmeter  reading  upto  15  volts.  If  the  moving  eoit  has  a  negligible  temperature 
coefficient  hat  the  added  resistance  has  a  temperature  coefficient  of  0.004  12  per  degree  C.  what  reading  will  a 
p.d.  of  10  V  give  at  I5"C,  assuming  that  the  instrument  reads  correctly  at  tn*C,  |1"  IX  U.4S| 

10.20.  KlectriKlyimmic  or  Dynamometer  Ty|H'  lnstrutncnls 

An  clectrodynamic  instrument  is  a  moving-coil  instrument  in  which  the  operating  field  is  pro- 
duced, not  by  a  permanent  magnet  but  by  another  fixed  coil.  This  instrument  can  be  used  either  as  an 
ammeter  or  a  voltmeter  hut  is  generally  used  as  a  wattmeter. 


Electrical  Technology 


As  shown  in  Fig.  10.23.  the  fised  coil  is  usually  arranged  in  two  equal  sections  F  and  f  placed 
dose  together  anil  parallel  to  each  other.  Hit-  two  fixed  coils  tire  air-cored  to  avoid  hysteresis  effects 
when  used  on  a.c.  circuits.  This  has  the  effect  of  making  the  magnetic  field  in  which  moves  the 
moving  coil  Af,  more  uniform.  The  moving  coil  is  spring-controlled  and  has  a  pointer  attached  lo  it 
as  shown 


 _  M  M  


(a)  'M  " 

Fig.  10.23  Fig,  10.24 

Deflecting  Turijue* 

The  production  of  the  deflecting  torque  enn  be  understood  from  Hig.  10,24.   Let  the  current 
passsmg  through  the  fixed  coil  be  /,  and  that  through  the  moving  toil  be  l2.  Since  there  is  no  iron, 
the  field  strength  and  hence  the  flux  density  is  proportional  to  /j. 
8  =  Kl,    where  K  is  a  constant 
Let  us  assume  for  simplicity  ihcti  ihe  moving  coil  is  rectangular  (il  can  he  circular  also)  and  of 
dimensions  I  x  b,  Then,  force  on  each  side  of  ilic  coil  having  N  turns  is  (NBtjI)  newton. 
The  turning  moment  or  deflecting  torque  on  the  coil  is  given  by 

Trl  =  NBhtb  =  NKlJJh  N~m 
Now,  putting  NKlb  -  Kv  we  have  Td  =         where  fCf  is  another  constant 


laml  (fu 


M 

IflflQQl 


J  VI-.I--M 


L 


-3 

1 


Shunt 


'a 


Kie.  10 JS  Fig.  Iu\2ft 

1 1  shows  that  the  deflecting  torque  is  porportional  to  the  product  of  the  currents  flowing  in  the 
fixed  coils  and  the  moving  coif  Since  the  iustrumne  (is  spring-controlled,  the  restoring  or  control 
tnxmc  is  proportional  to  the  angular  depletion  0. 


■  ■V.  ihnwn  in  Art  IIMJ.  itw  value  <tt  mrquc  nf  u  rims  int-unl  imtruiiwril  iv 

'Ilic  equivalent  iiidticuuicc  "l  ihc  lined  and  moving  rink  i>f  llic  tfHStbtpitHii  insirumeni  is 


L  =  L1+L,+  :.Vf 

where  M  i?>  His:  uiuuiaJ  inductance  between  the  two  wiits  and  l„  ami  L_  aie  their  iiidJviduuJ  «ell-«ndu>,tamxs 
Since  Lt  ami  LT  iw  fued  .mil  nnly  M  vunch. 

Jf  the  current*  in  itie  tixed  and  mo>  m<:  coils  nrc  dilFcrcnl  say  /I  and  r?  then 

7;  *>  !t  lf  dMIdb  N-m 
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i.e.    Tr «  =  *T2  0    a  =  K-,0  or  e  « 

When  the  instrument  is  used  as  an  ammeter,  the  same  current 
passes  through  both  the  fixed  and  the  moving  coils  as  shown  in 
Fig.  10.25. 

In  thai  cane  IJ  =  !1  =  /,  hence  0  «    or  f  «  s/o.  The  connections 

oi"  Fig.  1 0,24  arc  used  when  small  currents  are  to  be  measured-  In 
the  case  of  heavy  currents,  a  shunt  .5  is  used  to  I  tmit  current  through 
the  moving  coil  as  shown  in  Fig.  l().2o. 

When  used  an  a  volniu-ii'i  r he  uxcii  .in  J  moving  coik  are  joined 
in  series  along  with  a  hiiih  resistance  and  connected  as  shown  ill 

Fig.  10.27  Fig.  10.27.  Here,  again  i\-!2-  1.  where  /  =^  in  d.c,  circuits 

and  /  =  V/Z  in  a.c,  circuits, 

,\    6  «  V  x  V   or   0  «  Vs   or    V  «  Vb 

Hence,  it  is  found  that  whether  the  instrument  is  used  as  an  ammeter  or  voltmeter,  its  scale  is 
uneven  throughout  the  whole  of  its  range  and  is  particularly  cramped  or  crowded  near  the  isro. 

Dumping  is  pneumatic,  since  owing  to  weak  operating  field,  eddy  current  damping  is  inadmis- 
sihle.  Such  instruments  can  be  used  for  both  u_e,  and  d,c.  measurements.  But  it  is  more  expensive 
and  inferior  to  a  moving-coil  instrument  for  d.c  measurements. 

As  mentioned  earlier,  die  most  important  application  of  ciecuiidynatuic  principle  is  the  wattme- 
ter and  is  discussed  in  detail  in  An.  10.34. 
Errors 

Since  the  coils  are  air-cored,  the  operating  field  produced  is  small.  For  producing  an  appre- 
ciable deflecting  torque,  a  large  number  of  turns  is  necessary  for  the  moving  coil.  The  magnitude  of 
the  current  is  also  limited  because  two  control  springs  are  used  both  for  leading  in  and  lor  leading  out 
die  current.  Both  these  factors  lead  to  a  heavy  moving  system  resulting  in  frictional  losses  wliich  are 
somewhat  larger  than  in  other  types  and  so  frictional  errors  tend  to  be  relatively  higher.  The  current 
in  the  field  coils  is  limited  for  the  fear  oi"  heating  the  coils  which  results  in  the  increase  of  dieir 
resistance.  A  good  amounl  of  screening  is  necessary  to  avoid  the  influence  of  stray  ileitis 

\dvjuiiam>  ,iiid  !>isad  van  logo 

1.  Such  instruments  are  free  from  hysteresis  and  eddy -current  errors. 

2.  Since  (torque/weight)  ratio  is  small,  such  instruments  have  low  sensitivity. 

Example  II).  17.  The  mutual  indtu  hunt-  <>!  >>  IS  A  eleitrttdynwiur  ammeter  changes  tinijarmfy 
as  a  rate  of  U.tXWf  yH/dexrrr.  Hie  torsion  gamtttttii  <>l  the  cnntmltint  spring  is  10  *  N-m  per 
decree   Hetermute  the  angular  deflection  jar  hdl-scale. 

{Elect.  Measurements.  Pouna  Univ.  I°H5> 

Snlutinn.  By  torsion  constant  is  meant  die  deflecting  torque  per  degree  of  deflection.  ?f  full- 
scale  deflecting  is  fl  degree,  then  deflecting  torque  on  full-scale  is  10' 6  x  6  N-m, 
Now,  Td  -  I2iIM!dB   Also.  /  »  25  A 

dMm  -  0.0035  x  10" h  H/degree  =  0.0035  x  10"*  x  1807*  H/radian 
10"*  x  0  =  252  x  0.0035  x  l0""x  180  He    .;    8  =  L25.4" 

Example  10.18.  Tiw  tptrtUg  constant  of  a  W  A  dynamometer  vuttuieh-r  it  10 J  x  iO  n  N-m  iter 
radian.  Tiw  vanutson  of  inductance  with  angular  jwxitum  of  moving  lystem  i.i  practicalh  linear 
over  tile  opemtinx  naive,  the  run  o\ .  hanV,  hem*  0.07S  mH  f«-r  radian  It  the  full uale  deflection 
of  the  m.itnanent  is  03  degrees,  calculate  the  current  required  in  the  voltage  coil  at  fait  Style  an  tie. 
I  W  ■'"  I  Elect.  Inst,  and  Means.  Nngpur  Univ.  IM1 1 1 
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Pointer 


Fig.  10.28 

Hence,  de  flection  is ' 


Damping 
Magnet 


Z3.  If  spring 


Solution.  As  seen  from  foot-note  of  Art  10.20,  Td  =  Itl2  dMJdQ  N-m 
Spring  constant  =  10.5  x  10  6  N/ra/rad  =  10.5  x  10  *  x  ti/180  N-nVdegree 
Td  =  spnng  constant  x  deflection  -  (10.5  x  10"*  x  n/180)  x  83  =  15.2  *  10"*  N-m 
A    15.2  x  lfl"*=  10*  /,  x  0.078  :  /,  =  19,5  uA, 

10.21.  Hut- wire  Instruments 

The  working  pans  of  the  instrument  are  shown  in  Rg.  10.28.  Il  is  based  on  the  healing  effect  ol 
current  It  consists  of  platinum-iridiuin  (It  can  withstand  oxidation  at  high  temperatures  I  wire  AB 
%lretched  between  j  fixed  end  H  and  the  tension -adjusting 
screw  at  A.  When  current  is  passed  through  AB.  il  expand- 
according  to  PR  formula  "This  sag  in  AB  produces  a  slack 
in  phosphor-bronze  wire  CD  attached  Lo  die  centre  ttf  AB. 
This  slack  in  CD  is  taken  up  by  the  silk  fibre  which  after 
passing  round  the  pulley  is  attached  to  a  spring  S.  As  the 
it  Ik  thread  is  pulled  by  5.  die  pulley  moves,  diereby  deflect- 
ing the  pointer.  Il  would  he  noted  that  even  a  small  sag  tn 
AB  is  magnified  (Art.  10.22}  may  times  and  is  conveyed  to 
the  pointer.  Expansion  of  AB  is  magnified  by  CD  which  is 
further  magnified  by  the  silk  thread. 

Il  will  be  seen  that  the  deflection  of  the  pointer  is  pro- 
portional to  the  extension  of  AB  which  is  itself  proportional  to  r. 
Li.inin  d  i>  used,  then  I  b\ 

Hence  8  «  T 

So.  these  instruments  have  a  squre  law"  type  scale.  They  read  Ihe  r.nt.s.  vahie  of  current  anil 
their  readings  are  independent  of  its  form  and  frequency, 
[tamping 

A  thin  light  aluminium  disc  is  attached  to  the  pulley  such  that  its  edge  moves  between  the  poles 
ot  a  permaiieni  mugrict  M.  Lddy  currents  produced  in  this  disc  given  the  necessary  damping. 

These  instruments  are  primarily  meant  for  being  used  as  ammeters  but  can  be  adopted  as  volt- 
meters  by  connecting  a  high  resistance  is  series  with  thern.  These  instruments  arc  suited  both  for  a.c. 
and  d.c.  work. 

Advantages  td  Hot-wire  Instruments  : 

1 .  As  their  deflection  depends  on  the  r.m.s.  value  of  the  alternating  current,  they  con  be  used 
on  direct  current  also. 

2.  Their  readings  are  independent  of  waveform  and  frequency. 

3.  They  are  unaffected  by  stray  fietds. 
Disadvantages 

1.  They  are  sluggish  owing  to  the  lime  taken  by  (he  wire  to  heal  up. 

2.  They  have  a  high  power  consumption  as  compared  to  moving-coil  instruments.  Current 
consumption  is  200  rnA  at  full  load. 

3.  Their  zero  position  needs  frequent  adjustment.  4-.  They  are  fragile 

10.22,  Magnification  of  the  Expansion 

As  shown  in  Fig.  10,29  (a),  let  L  be  the  lengdi  of  the  wire  AB  and  its  expansion  alter  steady 
temperature  is  reached.  The  sag  £  produced  in  the  wire  as  seen  from  Fig.  10.29  (a)  is  given  by 


Ncglccbng  [dL)'.  we  have  5  = 
Magnification  produced  is 


L  +  dL 


4t  dUJ 


2L  dL  +  (dLy 


S_ 
dL 


JL .  dU2 

dL 


V2slL 


i'Jtetrteai  Instruments  and  Measurements 

As  shown  in  Fig.  10.2*)  (/?),  in  the  case  of  double-sag  instru- 
ments, this  sag  is  picked  up  b_y  wire  CD  which  is  under  the  cons  tan  i 
putl  or  the  spring.  Lei  L,  be  the  length  of  wire  CD  and  let  il  be 
pulled  ill  its  center,  so  as  to  take  up  the  slack  produced  by  the  sag  S 
of  Lhc  wire  Afl. 

2^  5  -  S1 
4 

J/2 
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2 

I2, 

i 

LdL 


si  - 

Neglecting  S"2  as  compared  to  2L,A'H  we  have  J 
Substituting  the  value  of  .V,  we  get  i",  = 

Example  IU.I1,  I'llr  working  wire  nf  a  sin\>tt>-sii$  hut  wire 
instrument  is  rm  tun?  uia/  n  ituhic  u<<  m  /'hntniun-^ilrer  with  it 
rctcffuieni  i>J  linear  exptinsum  t'l  tf>  x  10'  n  lhe  temperature  us, 
t>f  the  wire  is  H5"C  and  ilu  \ai;  i.v  raken  up  at  the  center.  I  tin!  the 
'luiiimfniiuini 

fjj   with  no  mum!  sag  ami \i)>  wtih  an  nut  ml  sag  of  I  mm. 


Pud 

(HI 
c 


Pull 


Ur5} 


ft 

He.  IftJf 


cm 


tfclect.  Mens  mid  Mens.  Inst.  ("ultima  Univ.  HK7i 

Solution,  (i)  length  of  lhe  wire  at  room  temperature  =  15  em 
Length  when  heated  through  S5DC  is  =  15  U  +  16  x  10"*  x  &5)  ^  15.02  em 
Increase  in  length. 

Magnification    -  = 


-  15,02  -  13  =  (1.02 


15 


ns)4 


*  I9J6 


(7f)  When  there  is  an  initial  sag  of  1  mm,  the  wia-  is  in  the 
position  ACB  (Fig,  10,30).  With  rise  in  temperature,  lhe  new  posi- 
tion becomes  ADB.  From  the  righi-ann|ed  &  ADE, 


Fi^  10,3*1 


we  have  iS  -t-0 


AE 


Now 


AF  =  AC~EC'  = 


-  dj1  =  I-  -  o.  r2 


4  4 


L.dL 
2 

L.dL 

2 

!  5x0.02 


■1 

■0.01 


-tu 


=—  + 


4 


L.dL 
2 


+  0.01 


+  0.1)1 -0,1ft 


2         2  4 

..neglecting  [My  % 
t.S  +  0.0=0-4  ,\  S  =  0,3  cm 


Magnification  -  SSdL  =  0.3/0.02  =  15 

IU.23.  Tht-mHK'imple  Ammeter 

The  working  principle  of  this  ammeter  Ls  based  on  the  Seehuek  effect,  which  was  discovered  in 
I H2 1  A  dicrmocouple,  made  of  two  dissimilar  metals  (usually  bismuth  bo  antimony)  is  used  la  tiie 
construction  of  this  ammeter.  The  hot  juticlioi.  of  the  thermocouple  is  welded  to  a  heater  wire  AB, 
both  of  which  are  kept  in  vacuum  as  shown  in  Fig,  10.31  (it}.  The  cold  junction  of  lhe  thermocouple 
is  eonnecied  to  a  moving-coil  ammeter. 
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When  the  current  to  the  i measured  is  passed  through  the  heater  wire  AB.  heal  is  generated,  which 
raises  the  temperature  of  the  thermocouple  junction  J.  As  the  junction  temperature  rises,  the  generated 


Thermocouple 


Fig.  Ifl.31 

iherrnoeledric  EMF  increases  and  derives  a  greater  current  through  the  moving-coil  ammeter.  The 
amount  of  deflection  on  the  MC  ammeter  scale  depend  on  the  healing  effect,  since  the  amount  of 
heat  produced  is  directly  proportional  to  the  squre  of  the  current.  The  ammeter  scale  is  non- linear  so 
that,  it  is  cramped  at  the  low  end  and  open  at  the  high  end  as  shown  in  Fig.  10.31  (b).  This  type  of 
"current-squared:  ammeter  is  suitable  for  reading  both  direct  and  alternating  currents.  It  is  particu- 
larly suitable  for  measuring  radio-triequeriey  currents  such  as  those  which  occur  in  antenna  system  of 
broadcast  transmitters.  Once  calibrated  properly,  the  calibration  of  this  ammeter  remains  accurate 
from  dc  uptn  very  high  fequency  currents. 

10.24.  Megger 

It  is  a  portable  instrument  used  for  testing  the  insulation  resistance  of  a  circuit  and  for  measuring 
resitances  of  the  order  of  megohms  which  are  connected  across  the  outside  terminals  XV  in  Fig. 
10.32  {b). 


Fig.  10.32 

I.    Working  Principle 

The  working  principle  of  a  'corss-eoiT  type  megger  may  be  understood  From  Fig.  10,32  ia) 
which  shown  two  coils  A  and  6"  mounted  rigidly  at  right  angles  to  each  other  on  a  common  axis  and 
free  to  rotate  in  a  magnet  it  lie  Id.  When  currents  are  passed  Ihrrmgh  them,  the  two  coils  luv  acted 
upon  by  torques  which  are  in  opposite  directions.  The  torque  of  coil  A  is  proportional  to  /,  cos  H  and 
that  of  8  is  proportional  to  /,  cos  (90  -  %)  or  J,  sin  0.  The  two  coils  come  to  a  position  of  equilibrium 
where  the  two  torques  are  equal  and  opposite  Le.  where 

/,  cos  9  =  t2  sin  0   or   tan  6  -  l^H^ 

In  practice,  however,  by  modifying  the  shape  of  pole  faces  and  the  angle  between  the  two  coils, 
the  ratio  /,//,  is  made  proportional  to  0  instead  of  tan  B  in  older  to  achieve  a  linear  scale. 

Suppose  the  two  coils  are  connected  across  a  common  source  of  voltage  i.e.  hatlery  C,  as  shown 
in  Fig.  10.32  (b).  Coil  A,  which  is  connected  directly  across  V,  is  called  the  voltage  (or  control)  coil. 
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Irs  current  /,  =  V/Rr  The  coil  B  t-tii led  currcni  or  deflecting  coil,  carries  the  current  =  V/fit  where 
R  is  the  external  resistance  tn  be  measured-  This  resistance  maj  vary  from  infinily  ($r"  good  insula- 
tion or  open  circuit)  to  aero  (for  poor  insulation  or  h  shorl^ircuif),  "Hie  two  coils  are  free  to  rotate  in 
the  field  of  a  permanent  magnet.  The  deflection  G  of  the  instrument  is  proportional  to  !tfl2  which  is 
equal  to  R/Rr  If  R  is  limed,  then  I  lie  scale  ean  he  calibrated  tn  read  R  dircelly  (in  practice,  a  current' 
limiting  resistance  is  connected  in  die  circuit  of  coil  B  but  the  presence  of  this  resistance  can  be 
allowed  for  in  scaling),  The  value  of  V  is  immaterial  so  long  as  it  remains  constant  and  is  large, 
enough  to  give  suitable  currents  with  the  high  resistance  to  be  measured. 
1.    f  ■onsiructinn 

The  essential  parts  of  a  megger  are  shown  in  Fig.  10,33  Instead  of  battery  C  oi"  Pig.  ih), 
there  is  a  hand-driven  d.c.  generator.  The  crank  turns  the  generator  armature  through  a  clutch  mecha- 
nism which  is  designed  to  slip  m  a  pre-detcrmined  speed  In  this  way.  the  gcneraior  speed  and 
voltage  are  kept  -  :.  v.'.!  and  at  their  correct  values  when  testing. 

The  generator  voitage  is  applied  across  the  voltage  coil  A  through  a  fixed  resi lance  Ht  and 
across  deflecting  coil  B  through  a  current- limiting  resitance  R'  and  the  external  resistance  is  con- 
nected across  testing  terminal  AT.  The  two  coils,  in  fact,  constitute  a  moving-coil  voltmeter  and  an 
ammeter  combined  into  one  instrument. 

ii)  Suppose  the  terminals  XY  are  open-circuited-  Now.  when  crank  is  operated,  the  generator 
vol  I  age  so  produced  in  applied  across  coil  A  and  current  7,  Hows  through  it  but  no  current  Hows 
through  coil  B.  The  torque  so  produced  rotates  the  moving  element  of  lite  megger  until  the  scale 
points  to  ■infinity",  thus  indicating  that  the  resistance  of  the  external  circuit  is  too  large  for  the 
instrument  to  measure. 

(rr|  When  the  testing  terminals  XY  are  closed  through  a  low  resistance  or  are  short-circuited, 
then  a  large  current  {limited  only  by  R')  passed  through  the  de  tie  cling  coil  B,  The  deflecting  tot  que 
produced  by  coil  B  overcomes  the  small  opposing  torque  of  coil  A  and  rotates  the  moving  element 
mail  the  needle  points  to  "/cm",  thus  shown  that  the  external  resistance  is  loo  small  for  die  instru- 
ment lit  measure- 


Fig.  10.33 

Although,  a  megger  can  measure  all  resistance  lying  between  zero  and  infinity,  essentially  it  is 
a  high-resistance  measuring  device.  Usually,  zero  is  the  first  mark  and  10  kft  is  the  second  mark  on 
its  scale,  so  one  can  appreciate  that  it  is  impossible  to  accurately  measure  small  resistances  with  the 
help  i it  .:  ineg»ei 

The  instrument  described  above  is  simple  to  operate,  portable,  very  robust  and  mdcpendcni  of 
the  external  supplies. 

10.25.  Indui'tiun  type  Voltmeters  and  Ammeters 

litdttrtiou  type  itiMrumeitU  nrr  (Uifitf  only  far  ax,  measurement.1;  and.  can  be  used  cither  as  ammeter, 
vol;  meter  or  wait  meter  However,  the  in  dint  ion  principle  finds  its  widesi  application  as  a  wall -hour 
or  energy  meter,  In  such  instruments,  the  deflecting  torque  is  produced  due  to  the  reaction  between 
the  flu*  uf  an  SJt  magnet  and  the  eddy  eurrenis  induced  by  this  flux.  Before  discussing  the  two 
types  of  most  commonly -used  induction  instruments,  we  will  first  discuss  Utc  underlying  principle 
of  iheii  operation. 
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Principle 

'Hie  operation  of  ;itl  induction  instruments  depends  or  the  production  of  torque  due  to  the  reac- 
tion between  a  flux  to,  (whose  magnitude  depends  on  the  current  or  voltage  to  he  measured)  and 
eddy  currents  induced  in  a  metal  disc  or  drum  by  another  flux  to2  (whose  magnitude  also  depends  on 
the  current  or  voltage  to  be  measured).  Since  the  magnitude  of  eddy  currents  also  depend  on  the  Box 
producing  them,  the  itistanltitti'ous  value  of  toque  in  proportional  to  the  square  of  Current  or  voltage 
under  measurement  and  the  value  of  mean  torque  is  proportional  to  (he  mean  square  value  of  this 
current  ur  voltage. 


to 

Tin.  10.3  4 


Consider  a  thin  aluminium  or  Cu  disc  D  free  to  rotate  about  iui  axis  passing  through  its  centre  as 
shown  in  Fig.  19.34.  Two  ax.  magnetic  poles  Pj  and  P2  produce  alternating  fluxes  to,  and  to., 
respectively  which  cut  this  disc.  Consider  any  annular  portion  of  the  disc  around  Pt  with  center  on 
the  axis  of  Pr  This  portion  will  be  linked  by  flux  to,  and  so  an  alternating  emf.  e,  be  induced  in  it 
This  e.m.f.  will  circulate  an  eddy  current  t\  which,  as  shown  in  Fig.  10.34,  will  pass  under  Py 
Similarly,  to3  will  induce  an  e.m.f.  g,  which  will  further  induce  an  eddy  current  l2  in  an  annular 
portion  of  the  disc  around  P^.  This  eddy  current  L  flows  under  pole  Pr 

Let  us  Late  the  downward  directions  of  (luxes  as  positive  and  further  assume  that  at  the  insmnl 
under  consideration,  both  *,  and  to2  are  increasing.  By  applying  l-cnz's  law,  the  directions  of  the 
induced  currents  /,  and  ^  can  be  found  and  are  as  indicated  in  Fig.  10.34. 

The  portion  nf  the  disc  which  is  traversed  by  flux  4>t  and  carries  eddy  current.  L  experiences  a 
force  F,  along  the  direction  us  indicated.  As  F-  Bit,  force  Ft  «  O,  i2.  Similarly,  the  portion  of  the 
disc  lying  in  flux  to,  and  carrying  eddy  current  i,  experiences  a  farce  F2  «  to2  /,. 

.■.    F ,  «       =  K  to,  /3  and  F2    to2  (,  =  K  *2<r 

It  i.s  assumed  that  the  constant  K  is  the  same  in  both  cases  due  to  the  symmetrically  positions  of 
P|  and  P2  with  respect  to  the  disc. 

Ifr  is  the  effective  radius  at  which  these  forces  acl,  the  net  instantaneous  torque  /  acting  on  the 
disc  begin  equal  so  the  difference  of  the  two  torques,  is  given  by 

T  =  MtfOy, -K  to,r,|  =  K,  (<Jy:-qy,>  '  ...(f) 
Let  the  alternating  flux  to,  be  given  by  <P}  =  P>|w  sin  tor,  The  fiux  to,  which  is  assumed  to  lag  to, 
by  an  angle  a  radian  is  given  by  to,  =  to=m  sin  im  -  a) 

ti  to.  a 

Induced  e.m.f.  e,   -  — H- =  —  tto.^  sin  (i)fi  =  Q)  tot   cos  car 

1         at  dt 

Assuming  die  eddy  current  path  to  be  purely  resistive  and  of  value  R*,  the  vlaue  of  eddy  current  is 
°*^m  m  ™  Similarly  e2  =  u>  to^  ( wl  -  a)  and  i2  =  M       cos  (tor  -  a)  ** 

Substituting  these  values  of  fj  and  izin  Eq.  (i)  above,  we  gel 
K  co 

T  -  — ]—  1*^  sin  mt.  to^  «J4  few  -  a)  -  toi,„  sin  (bit  -  o.)  <P]m  cos  uu  | 


If  a  hiu.  "ii  rejjcr^nwe  "f  X,  liven  impedance  Z  should  be  taken,  whose  valae  is  given  hy  7.  =  ^R1  +  X 2 . 
**    U  hctgn  assumed  that  birth  uallit  have  Itiu  saniv  rc*iMfirn!e 
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A",  to 
R 


*in  [sin  ay.  cos  (oar  -  a)  -  cos  as/, sin  (nif  -ct)| 
*i«r       sin  a  =  L,  cj  (t^  sP^  sin,  a  [putting  Ay/i  =  K: ) 


1 1  IS  obCjOUS  t'ktl 

(j"J  if  a  ss  0  i.e.  if  two  fluxes  arc  in  phase,  then  net  torque  is  zero  If  tin  the  other  hand,  a  =  90°. 
the  net  torque  is  maximum  for  given  values  of  *lm  and  4*^. 

(it)  the  net  troque  is  in  such  a  direction  as  to  rotate  the  disc  from  the  pole  with  leading  flux 
towards  the  pule  with  lagging  flux. 

Uii)  since  the  express ion  for  torque  dues  not  involve  V,  il  is  independent  pf  time  Le.  it  has  q 
steady  value  at  all  time. 

Ii'v|  the  torque  T  is  inversely  proportional  to  ft-lhc  resistance  nf  the  eddy  current  path.  Hence, 
lor  large  torques,  the  tliscaien.il  should  have  low  resistivity.  Usually,  il  is  made  of  Cu  or .  more  often, 
of  aluminium. 

10,26.  India  linn  Aiumilirs 

!i  has  bceti  shown  in  An  Id.]:  above  thai  )iic  nei  torque  acuuc  on  the  disc  is 

T  =  K2  vti}>m  0>2m  *'n  a 

Obviously,  if  both  (luxes  are  produced  by  the  same  alternating  current  (of  maximum  vnlue  !m} 
to  be  measured,  then  T  =  K-,'C^J^  sin  a 

Hence,  for  a  given  frequency  u> 
and  anc:lc'  a,  ihc  lorquc  is  propor- 
tional to  the  square  of  ihe  current.  If 
the  disc  has  spring  control,  it  will 
take  up  a  steady  deflected  position 
where  controlling  torque  becomes 
equal  to  the  deflecting  torque.  Ry 
attaching  a  suitable  pointer  to  the 
disc,  (Ik1  apparatus  car.  Ik1  used  us  an 
ammeter. 

There  are  three  different  pos- 
sible arrangements  by  which  the 
operational  requirements  of  induc- 
tion ammeters  can  be  met  as  discussed  below. 

u'i   Disc  Instrument  with  Split-phase  Winding 

In  this  arrangement,  the  windings  on  the  two  lamiiited  a.c.  magnets  f\  and  Pr  are  connected  in 
series  (Fig.  1035).  But,  the  winding  of/*.,  is  shunted  by  a  resistance  R  with  the  .result  thai  Ihe  i urieni 
in  this  winding  Jags  with  respect  to  the  total  line  current.  In  this  way,  the  necessary  phase  angle  a  is 
produced  belween  iwo  fluxes  4>,  and  <t>,  produced  by  Pt  and  P-,  respectively  This  angle  is  of  ihc 
ordcr  of  60°.  If  the  hysteresis  effects  etc.  are  neglected,  then  each  flux  w  ould  be  prapiiriionai  to  the 
current  lo  be  measured  f>  line  current  / 
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or 


T, T  where  /  is  ihe  r.m.s.  value. 


If  spring  control  is  used,  then    T  «  9 

In  Ihe  final  deflected  position,  Tr  =  Td    .-,    9  «  t1 

Ldkly  currem  dumping  is  employed  in  this  instrument  When  the  disc  rotates,  il  cuts  the  flux  in 
Ihe  air-gap  of  the  magnet  and  has  eddy  currents  induced  in  it  which  provide  efficient  damping, 
nil  (  ilindricul  iipe  with  Split-phase  Winding 

Ihc  upei.iling  principle  ol  lb  s  instrument  is  liic  same  .)-,  ih.n  .if  die  jlmu'  ns-iiiniu.it  ..  thai 
instead  of  a  rotating  disc,  il  employs  a  hollow  aluminium  drum  as  shown  in  Fig.  1 0,36.  The  poles  l\ 
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produce  the  alternating  llu\  which  produces  eddy 
current  i,  in  those  portions  of  the  drum  that  lie  under 
poles  Pv  Similarly,  flux  F^  due  lo  poles  P2  produces 
eddy  current  d ,  in  [hose  puns  o!  ihc  itrurn  thai  In-  under 
poles  The  force  F]  which  is  «*  4*,  i2  and  r7,  which 
is  « <t»,  i  are  tangential  to  the  surface  of  the  drum  and 
the  mulling  torque  lends  to  rotate  the  drum  about  us 
own  axis.  Again,  the  winding  of  P2  is  shunted  by 
rrsislance  R  which  helps  to  introduce  the  necessary 
phase  difference  a  between  A7,  and  F2. 

The  spiral  control  springs  inoi  shown  in  the  fig- 
ure I  prevent  any  continuous  rotation  of  the  drurm  and 
ultimately  bnng  it  in  rest  at  a  position  where  the 
deflecting  torque  becomes  equal  (o  the  controlling 
troquc  uf  the  springs.  The  drum  has  a  pointer  attached 
to  it  and  is  itself  carried  by  a  spindle  whose  iwo  ends 
Hi  in  jewelled  bearings.  There  is  a  cylindrical  lami- 
nated core  inside  the  hollow  drum  whole  function  k  io  strengthen  the  flux  culling  the  drurnt. 
poles  are  laminated  and  magnetic  circuits  are  completed  b\  the  yoke  Y  and  the  core. 

Damping  is  hy  eddy  currents  induced  in 
a  separate  aluminium  disc  I  not  shown  in  the 
figure  I  carried  by  the  spindle  when  it  moves 
in  the  air-gap  flux  of  a  horse-shoe  magnet 
(also  not  shown  in  the  ft  cure  I. 
W\  Shaded -pi >li-  induction  Ammeter 

In  ihc  shadedpole  disc  type  induction 
ammeter  (Fig.  10.37)  only  single  flux-pro- 
ducing winding  ts used.  The  flux  F  produced 
hy  this  winding  is  split  up  into  two  fluxes  <P, 
and  4»,  which  are  made  lo  have  the  necessary 
phase  difference  of  rx  by  the  device  shown  in 
Fig  KJ.37.  The  portions  of  the  upper  and 
tower  pales  near  the  disc  D  arc  divided  by  a 
sltn  into  two  halves  one  of  which  carries  a 
closed  'shading'  winding  or  ring.  This  shad- 
ing winding  or  ring  acts  as  u  short-circuited 
secondary  and  the  main  winding  as  a  primary. 
The  current  induced  in  the  ring  by  transformer 
action  retards  the  phase  of  flux  <t>2  with 
respect  to  that  of  4>L  by  about  50s  or  so.  The 
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two  fluxes  (t>k  and  <t>;  passing  through  ihc  unshaded  and  shaded  pans  respectively,  react  with  eddy 
currents  i2  and  r,  respectively  and  so  produce  the  net  driving  torque  whose  value  is 

T,i  "  *i*  *i»  *n  tt 
Assuming  thai  both      and  «J>n  arc  proportional  to  the  currenl  /,  we  have 

This  torque  i>  balanced  by  the  controlling  torque  provided  by  the  spiral  springs. 

The  actual  shaded  pole  type  induction  instruments  Is  shown  in  Fig.  10.38.  It  consists  of  a 
suitably -shaped  aluminium  or  copper  disc  mounted  on  u  spindly  which  is  supported  hy  jewelled 
hearings.  The  spindle  curries  a  pointer  and  has  a  control  spring  attached  to  it.  The  edge  or  periphery 
of  the  disc  moves  in  the  air-gap  of  a  laminated  a.c.  electromagnet  which  is  energised  either  hy  the 
current  lo  be  measured  las  ammeter)  or  by  a  current  proportional  to  the  voltage  to  be  measured  i  a*  a 
voltmeter)   Damping  Is  by  eddy  currents  induced  by  a  permanent  magnet  embracing  another  por- 
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Fig.  IIUH 

As  seen,  for  a  given  frequency,  Tj  <*  Z2 
For  spring  control  7"(  ~  6  or  7", 

Rir  steady  deflection.  WC  have  T 


tion  of  the  jant*  disc.  An  seen,  the 
disc  serves  bo(h  for  damping  us  well 
as  operating  purposes.  The  main  llux 
is  split  into  two  components  fluxes  by 
shading  one- half  of  each  pole.  These 
two  fluxes  have  a  phase  difference  of 
liv  in  Ml"  heme^n  rhein  and  the} 
induce  two  eddy  currents  in  the  disc. 
Each  eddy  current  has  a  componcni 
in  phase  with  the  other  flux,  so  that 
two  torques  are  produced  which  arc 
oppositely  directed.  The  resultant 
torque  is  equal  to  the  difference 
between  the  two.  This  torque  deflects 
the  disc-continuous  rotation  be ing  pre- 
vented by  die  control  spring  and  ihe 
dellcction  produced  is  proportional  to 
the  square  of  the  current  or  voltage 
being  measurcd. 
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Hence,  such  instruments  have  uneven  scales  Le.  scales  which  are  crumped  al  Ukit  lower  ends. 
A  more  even  scale  can,  however,  be  obtained  by  using  a  cam-shaped  disc  as  shown  in  Pig.  K.UH. 

10.27.  Induclluu  VoltmuU'r   


Its  construction  is  similar  to  thai  of  an 
induction  ammeter  except  for  the  difference 
thai  its  winding  is  wound  with  a  large  num- 
ber of  turns  of  find  wire.  Since  it  is  con- 
nected across  the  lines  and  carries  very 
small  current  (5  -  10mA),  the  number  of 
turns  of  its  wire  has  to  be  large  tn  order  to 
produce  an  adequate  amoum  of  m. tit. I  Split 
phase  windings  are  obtained  by  connect- 
ing a  high  resistance  ft  in  series  with  ihe 
winding  of  one  magnet  and  an  indued  ve  coil 
in  -.cries  with  the  winding  of  die  oilier  mag- 
nei  as  shown  in  Fig.  10.39. 

I0.JX.  1-  rrurs  in  Induction  I nsl runu-nts 
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Fig.  I0JW 


There  are  two  types  of  ciTOrs  li\  frequency  error  and  tit)  icm{\  rutitrc  error 

1.  Since  dc fleeting  torque  depends  on  frequency,  hence  unless  the  alternating  current  to  be 
measured  has  to  same  frequency  with  which  the  msirumeni  was  calibrated,  there  will  be 
large  error  in  its  readings,  Frequency  errors  can  he  compensated  for  by  the  use  ot"  a  non- 
inductive  shunt  in  the  case  of  ammeters  In  voltmeters.  sulIi  emirs  are  rn H  Itirgc  .Hid,  to  .1 
great  extent,  arc  ■.elf-compensating. 

2.  Serious  errors  may  occur  due  to  the  variation  of  temperature  because  the  resistances  of 
eddy  current  padis  depends  on  the  temperature.  Such  errors  can.  however,  be  compensated 
lor  by  hunting  in  ihe  case  of  ammeters  and  by  combination  of  shunt  and  swamping  resis- 
(ances  m  die  ease  of  voltmeters. 


10,29,  Advantages  and  Disudv  mi  luges 

I    A  full-scale  deflection  of  over  2fW 
have  long  open  scales. 


can  be  obtained  with  such  instruments.  Hence.  Lhev 
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.%    Dumping  is  very  efficient. 

3.  They  arc  nut  much  affected  by  external  stray  fields. 

4-   Their  power  consumption  it  fairly  large  and  com  relatively  high. 

5   They  can  he  used  for  a.c  measurements  only. 

ft.  Unless  compensated  for  frequency  and  temperature  variations,  serious  errors  may  he  intro- 
duce. 

luJO.  Wectriwtiitic  \  nllmclcrs 

Electrostatic  instruments  are  almost  always  used  as  voltmeters  and  that  too  more  as  a  laboratory 
niftier  ihan  :i.s  industrial  instruments.  The  underlying  principle  Of  their  operation  is  the  force  of 
attraction  between  electric  charges  on  neighboring  plates  between  which  a  p.d.  is  maintained  This 
force  gives  nse  to  a  deflecting  torque.  Unless  the  p.d  is  sufficiency  targe,  the  force  is  small  Hence, 
such  instruments  are  used  for  the  measurement  fix  very  high  voltages. 

There  ore  two  general  types  of  such  instruments  ! 

( i )   the  quundrunt  ry/w-used  upto  20  LV.  (ii)  the  attracted  disc  type  -  used  uplo  500  kV. 

10.31.  Mlmcicd-dtsc  Type  Voltmeter 

As  shown  in  Fig-  10.40,  it  consists  of  two-discs  nr  plates  Cand  D  mounted  parallel  to  each 
other.  Plate  /)  ts  fixed  and  is  earthed  while  C  suspended  by  a  coach  spring,  the  support  lor  which 


earner  a  micrometer  head  for  adjustment  Piute  t'  in  con- 
nected in  the  positive  end  of  the  supply  voltage.  When  a 
p.d.  I  whether  direct  of  alternating  i  is  applied  between  the 
two  plates,  then  C  is  attracted  towards  D  hut  may  he 


MiL-i'ir'tlLT 
Head 


The  movement  Of  this  head  can  be  made  to  indicate  the  ~~~~^-~^jf'$Vrm£- 
force  F  with  which  C  is  pulled  downwards.  For  this  pur- 
pose, the  instrument  can  be  calibrated  by  placing  known  ti 
weights  in  turn  on  C  and  observing  the  movement  of  nil  ™ 
crometer  hettd  necessary  to  bnng  C  back  lo  its  original 
position    Alternatively,  this  movement  ot  plate  (  is  bal- 
anced hy  a  control  device  which  actuates  a  pointer  Attached 

to  it  thai  sweeps  over  a  calibrated  scale 

Fib  1 0  4tt 

There  is  a  guard  ring  G  surrounding  the  plate  C  and  *** 
separated  irorn  n  by  a  small  air-gap   The  nng  is  connected  electrically  to  plate  C  and  helps  to  make 
the  Held  uniform  between  the  two  plates.  The  effective  area  of  plate  C.  in  that  case,  becomes  equal 
to  its  actual  area  plus  half  the  area  ol  the  air-gap. 

Theory 

In  Fig.  10.41  are  shown  two  parallel  plates  separated  by  a  distance  uf  X  meters.  Suppose  the 
lower  plate  is  fixed  and  carries  ■  charge  of  -  Q  coulomb  whereas  the  upper  plate  is  movable  and 

carries  a  charge  of  +  Q  coulomb.  Let  the  mutual  force  of 
attraction  between  the  two  plates  be  F  newtons.  Suppose 
the  upper  plates  is  moved  apart  by  a  distance  dx  Then 

  d*     mechanical  work  done  during  his  movement  is  F  x  fir  joule 

t  Force  I"  Since  charge  on  the  plate  is  constant,  no  electrical  energy 

f  t  urce  i  can  move  into  the  system  hum  outside.  This  work  is  done 

^^^^^^T^^^^^™^™         31  the  case  uf  the  energy  stored  in  the  parallel-plate  capacitor 

formed  by  the  two  plates. 

Before  movement,  let  the  capacitance  .it  the  capacitor  he 
^l0Ai  €  farad.  Then. 

I  o1 

Initial  energy  Mored  =  —  =— 

If  the  capacitance  changes  to  tC  +  tlC)  because  of  the  movemeni  of  plate,  then 
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Final  energy  stored  -  i  — 0. 


2(C  +  dC\     2C'f     dC_\~  2C  (  C 


2C  (      C  , 


Change  in  stored  energy  = 


I  (J" 
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dc  L  i  c?" 
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F  x  dv  =  —r-  -  — —  or 


Now. 


C  = 
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Hence,  wc  Find  that  force  is  directly  proportional  to  the  square  ol  the  vollape  to  be  measured. 
The  negative  sign  merely  shown  that  it  is  a  force  of  attraction. 

1(1.32.  Quadrant  Type  Voltmeter* 

The  working  principle  and  bask  construction  oJ  such  insu-umcnis  can  be  understood  from  Fig. 
10.42.  A  light  aluminum  vane  Cis  mounted  on  a  spindle  S  and  is  situated  partially  within  a  nohow 
meial  quandram  H.  Atlernnliveiy.  the  vane  he  suspended  in  the  ouadraitl.  When  the  vane  and  the 
quadrant  ore  oppositely  charged  by  the  voltage  under  mean  re  menL  the  vane  is  further  attracted 
inwards  into  the  quadrant  thereby  causing  the  spindle  and  hence  the  jxiinler  to  rotate.  The  amount  of 
rotation  and  hence  the  deflecting  torque  is  found  proportional  to  \r.  The  deflecting  torque  in  the 
case  of  arrangement  shown  in  Fig.  10.42  is  very  small  unless  V  is  extremely  large. 
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Fir.  10.42  Fig.  10.43 

The  ioree  on  the  vane  may  be  increased  by  using  a  larger  number  of  quail  rants  .md  a  double-ended 
vane.  In  Fig.  10.43  are  shown  four  fixed  metallic  double  quadrants  arranged  so  as  to  form  a  circular 
box  with  short  air-gaps  between  the  quadrants  in  which  is  suspended  ur  pivoted  as  aluminium  vane. 
Opposite  quandrants  -l-t  and  BB  are  joined  together  and  each  pair  is  connected  to  on  lerminal  of  the 
A.C-  or  dx.  supply  and  at  the  same  time,  one  pair  is  connected  to  the  moving  vane  M.  Under  these 
conditions  [Fig.  10.43.]  the  moving  vane  is  recalled  by  quundranis  AA  and  attracted  by  quadrants 
BB.  Hence,  u  deflecting  toque  is  produced  which  is  proportional  to  tp.d.)".  Therefore,  such  voltme- 
ters have  an  uneven  scale.  Controlling  torque  is  produced  by  torsion  of  the  suspension  spring  or  by 
the  spring  [used  in  pivoted  type  voltmeters}.  Damping  is  by  a  disc  or  vane  immersed  in  oil  in  die 
case  of  suspended  type  or  by  air  friction  m  the  ca*c  of  pivoted  lype  instruments. 

Theory 

With  reference  m  l  ie  in  -12.  suppose  the  quadrant  and  vane  are  connected  across  a  source  of  \ 
volts  and  let  the  resulting  deflation  be  0.  If  C  is  a  capacitance  between  the  quadrant  and  vane  in  the 
deflected  position,  then  the  charge  on  me  instrument  will  be  CV  coulomb.  Suppose  thai  the  voltage 
is  charged  from  V  to  ( V  +  dV),  then  as  a  result,  let  8.  C  and  Q  charge  to  <B  +  <rth,  (C  +  dC]  and 
(Q  +  dQ\  respectively.  Then,  the  energy  stored  in  the  electrostatic  field  is  increased  by 


dE  =  d(^CV2)  =  ^V3.dC  =  CydV  joule 
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If  T  is  the  value  of  controlling  torque  corresponding  to  a  deflection  of  E),  then  the  addition  ill 
energy  stored  in  the  control  will  be  7"st  dQ  joule. 

Total  increase  in  stored  energy  =  T  je  db  +  ^  V 1  i/C  +  CWV  joule 

It  is  seen  dull  during  this  charge,  the  source  supplies  <i  change  dQ  at  potential  V.  Hence,  the 
value  of  energy  supplied  is 

=  V  x  dQ  =  Yx  d(CV)  =  V:  *  dC+  CV,  dV 
Since  the  energy  supplied  by  the  source  must  be  equal  to  the  extra  energy  stored  in  the  field  and 
the  control 

T  x  de  + 1  V 2  dC  +  CV.  dV  =  V2.  dC  +  CVdV 

2 

or  T  xdt)  - -^-V2tdC  .%  f«|y'  JV-m 

The  torque  is  fnund  to  he  proportional  to  the  square  of  the  vol  luge  to  be  measured  whether  that 
volmge  is  aliemating  or  direct.  However,  on  alternating  circuits  the  scale  will  read  r.m.s.  values. 

IIU.V  KdvinS  Multicellular  Voltmeter 

As  shown  in  Fig.  10.44.  it  is  essentially  a  quadrant  type  instrument,  is  described  above,  but  v,  :lh 
the  difference  thai  instead  of  four  quadrants  and  one  vane,  it  has  a  large  number  of  fixed  quaxidranls 
and  vanes  mounted  on  the  same  spindle.  In  this  way.  ike  deflecting  torque  for  a  given  voltage  is 
increased  many  limes.  Such  voltmeters  can  be  usee!  to  measure  voltages  as  low  as  30  V.  As  sajd 
above,  this  reduction  in  the  minimum  limit  of  voltage  is  due  to  the  increasing  the  operating  force  in 
proportion  to  the  number  of  amiponeni  units..  Such  art  instrument  has  a  torsion  head  for  zero 
adjustmcni  and  a  coach  spring  for  protection  againsl  accidental  fracture  of  suspension  due  to  v  ibratioti 
etc.  There  is  a  pointer  and  scale  of  edgewise  partem  and  damping  is  by  a  vane  immersed  in  an  oil 
dashpol. 

Ifl.Vj.  Advantages  und  Limitation  of  ElcctrostalR  Volt- 
meters 

Some  of  the  mum  advantages  and  use  of  electrostatic  volt- 
meters ore  as  follows  ; 

1 .  They  can  be  manufactured  with  firsi  grade  accuracy. 

2.  They  give  correct  reading  both  on  d.c,  and  a,c 
circuits.  On  a  c.  circuits,  the  scale  will,  however,  read 
i  m.s,  values  whatever  the  wavc-torm. 

3.  Since  no  iron  is  used  in  their  construction,  such 
instruments  are  free  from  hysteresis  and  sMy  current 
losses  and  temperature  errors. 

4.  They  do  not  draw  any  continuous  current  on  d.c. 
circuits  and  that  drawn  on  a.c.  circuits  (due  In  the 
capacitance  of  the  instrument)  is  extremely  small. 
Hence,  such  voltmeters  do  nor  cause  any  disturbance 
to  die  circuits  to  which  they  are  amneelcd. 

5.  Their  power  loss  is  negligibly  small, 
ft.  They  arc  unaffected  by  stray  magnetic  fieliK  ;ilrl  h".:.l'. 

they  have  to  lie  guarded  against  any  stray  electrostatic  field. 
7.  They  can  be  used  upto  1000  kHz  without  any  serious  loss  of  accuracy. 
Hnwetcr.  their  main  limitations  art  : 

I.   Low- voltage  voltmeters  (like  Kelvin's  Multicellular  voltmeter  J  are.  liable  to  friction  errors. 
Z.  Since  torque  is  proportional  to  the  square  of  the  voltage,  their  scales  are  not  uniform  although 
some  uniformity  can  be  obtained  by  suitably  shaping  the  quadrants  of  the  voltmeters 

\  They  are  expensive  and  cannot  be  made  robust. 
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1(1.35.  Range  Kxteiuiun  of  Lleitroslatk  Voltmeter* 

The  range  or  such  voltmeters  can  be  extended  hy  the  use  of  multipliers  which  are  in  ihe  form  ot 
a  resistance  potential  divider  or  capacitance  potential  divider  The  funnel  method  can  he  used  both 
tor  direct  and  alternating  voltages  whereas  the  latter  method  is  useiul  only  toi  aitemaimp  soHapcs 

|f)    ResLslanic  Potential  1  thick  r 

This  divider  consists  of  a  high  non-inductive  resistance  across  a  small  portion  which  is  attached 
the  electrostatic  voltmeter  as  shown  ia  Fig.  10.45.  Lei  fit  be  the  resistance  of  ihe  whole  oT  ihe 
potential  divider  across  which  is  applied  the  voltage  V under  mca-  q. 
surement  Suppose  V  is  the  maximum  value  of  the  voltnge  which 
ihc  voltmeter  can  measure  wiihoui  the  multiplier  If  r  il  ihe  PC**- 
lance  of  ihe  portion  of  the  divider  acrosc  which  voltmeter  is  con- 
nected, ihen  the  multiplying  factor  is  given  by 

£  =  & 

if  r 

The  above  expression  is  true  for  d.c.  circuits  but  for  ax.  cir- 
cuits, the  capacitance  of  tbc  voltmeter  (which  is  in  parallel  with  r) 
has  to  be  taken  into  account  Since  ihis  capacitance  is  variable,  it 
is  advisable  to  calibrate  the  voltmeter  along  with  its  mulliplier. 

(11)  Capacitance  Potential  Divider 

In  ihLs  method,  the  voltmeter  may  be  connected  in 
series  with  a  single  capaciiy  C  and  put  across  the  voll- 
agc  V  which  is  lo  he  measured  |Fig.  10.4ft  \tt)\  or  a 
number  of  capacitors  may  be  joined  in  series  to  form 
the  potential  divider  and  die  voltmeter  may  be  connected 
across  one  of  the  capacitors  js  shnun  in  Fie.  10.46  \b\. 

Consider  ihe  connection  shown  in  Fig.  10.44  {a). 
It  is  seen  that  the  multiplying  factor  is  given  by 
1/         reactance  of  total  circuit 
v         reactance  of  voltmeter 


I  it;,  MU5 


It 

i 

6- 

T 

I- 

iE- 
j_ 


cc 

Now.  capacitance  of  the  total  circuit  is   -.  _l_ 

C  +  C. 


fa) 


(l>) 


and  ih  reactance  is 


rig.  1(1.46 


I 


Reactance  of  ihe  voltmeter 

{C  +  CiftaCC     C  +  C 


tax  capacitance 

_  l_ 
taC. 


a>CC~ 


V 
v 


Multiplying  factor  = 


C  +  C, 


=  1  + 


C,.' 


UmCv  C  — r-j-o  c  "'p. 

Kxampb  16.20.  The  reading  '100'  of  a  120-V  elect  rosauitii  .vltmeter  ia  to  represent  IfJ.iXXt 
ifj/ii  when  tto  range  fa  extended  by  the  use  of  a  capatriUfr  in  icriex  If  the  t  aptlcittVUY  of  lite  Vitltine 
ter  tit  liu  ulnnf  rnuhiiv  is  ?l)  p  p/-  fwil  the  atparittmce  nt  the  i  <r/>./.  in>r  multiplier  required. 


Solution. 


1'  C 

Multiplying  factor  =     =  1  -+■  - 
V  C 


Here.  V-  10.000  volt  v  =  100  voll  ;  C.  =  capacitance  of  the  volimeier  -  70pp  F 

r -        ...  ,.  10.000 
-  capacitance  of  the  mulLplicr  .*. 


ot 


c 

70/C  =  99 


100 


=  1  + 


111 

f 


C-  7W99  pp  f  =  0.707  pp  f  (appro* I 


II  is  hclptal  to  compare  II  with  a  similar  expression  in  An  16.17  k=r  pcrniiinein  ni.ic.rcel  moving-coil 
instruments. 
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fekamplv  Uhll  la).  ,4n  elecuositttii  voltmetei  u  constructed  with  6  parallel,  semicircular  fixed 
pktttM  flffnW  ipinrirt  -J  W"l  mtevals  and  5  interleaved  semicircular  movable  platen  that  move  in 
planes  midway  between  theft  xed  phitrt.  in  air.  Tfte  mwemeta  of  the  movable  plates  is  about  an  am 
through  the  t  enter  of  the  circles  of  the  plates  svstem.  perpendicular  to  the  plants  of  the  plates.  The 
inurnment  «  spring-controlled.  If  the  radius  of  the  movable  plates  is  4  cm,  calculate  the  spring 
constant  if  10  kV  corresponds  to  a  full-  wale  deflection  oj  I  IMF  Neglect  fnnyuiK.  edge  effects  and 
plate  thickness-  i  Fleet.  Measurements,  Bumhuy  Utilv.  IV85I 

S«Jwti(i]).  Total  number  of  palates  (both  fixed  and  movahle)  is  1 1,  hence  there  are  10  parnHcl 
plate  capacitors. 

Suppose,  the  movable  plates  are  rotated  into  the  fixed  plates  by  an  angle  of  8  radian.  Then, 
nvertap  area  between  one  fixed  and  one  movable  semi-circtilar  plate  is 


xfl:=8*10  J  Gm2: 


-3 


Capacitance  of  each  nf  ten  parallel- plate  capacitors  is 

-3 


r         =  8.854x10 
d 


2x10" 

Tctai  capacitance  C  =  10  x  3.54  x  10" 13  8  =  35.4  x  1 01" 


=  3.54xlO~,J0F 
8F.\</CV<f9=35  4x 


in 


10  l!  farad/radian 


Deflecting  torque  =  ^  V 


—  N'm-^-x(l0.0001:x354x  10" 12  =17.7x|0  4  N-m 
t/0  2 


If  S  is  spring  constant  i.e.  torque  per  radian  and  8  is  the  plate  deflection,  then  control  torque  is 

Te  m  SB 

Here.  8  -  I00c  '  =  100  x  id  180  =  5nl9  radian 


J  x  5jiA>  =  17.7  x  10" 


S=  1(1.1  x  Id  IVinMid. 


kxampti-  10.21  iM.  \  <  apaettantc  tumstlucet  of  two  parallel  plates  nf  overlapping  area  nf 
5  x  HI  4  m:  ;.v  imtmrst'd  at  water  The  capuctmnce  C  lias  been  found  to  be  V.50  pF.  Calculate  the 
separation  'a"  between  the  plates  and  the  ft  tuUftftf,  $  -  (iCldd  of  this  tnmsdiicer.  f>iven  -  E(  iMrtW 
*  til  :  c„  -  H.S54  pl-'/w  (Elect.  Measuer.  A.M.I.E.  Sec  B.  1W2) 


Solution,  Since  C  =  £fir  Aid.  d  =  3  ty^AXT. 
Substituting  the  given  values  we  get.  d  =  37.7  x  10 


Sensitivity  |~  =  1 


m 

K.S54X10"'1  x81x5xlff"4 


(37.7  x  10"  V 


=  - 0.025  x  10  *  F/m 


OiM.  Wattmeters 

We  will  discuss  the  two  main  types  of  wattmeters  in  general  use,  that  is.  if)  the  dynamometer  or 
clectrudytiamic  type  and  (fir)  the  induction  type. 

lb. 31.  Ihnamtmu-ler  WaUiueU'r  1 

The  basic  principle  of  dynamometer  instrument  has  already  heen  explained  in  detail  in  An 
[0.20.  The  connections  of  a  dynamometer  type  wattmeter  are  shown  in  Fig.  10.47.  The  fixed 

^Current  Coil 


Fig.  10.47 


Hg.  E4M8 


I'imricat  tnsmtmeius  mul  .\tca\uremcnis 


985 


circular  coil  which  carries  the  main  circuit  current  his  wound  in  two  halves  positioned  parallel  to 
each  other.  The  distance  between  the  two  halves  car  be  adjusted  to  give  a  uniform  magnetic  field, 
The  moving  coil  which  is  pivoted  centrally  carries  a  current  f-,  which  is  proportional  to  the  voltage  V. 
Current  /;  is  led  into  the  moving  coil  by  two  springs  which  also  supply  the  necessary  controlling 
torque.  The  equivalent  diagrammatic  view  is  shown  in  Fig.  IG.4S. 

Ik-llii-ting  lorqiHd 

Since  coils  are  air-cored  the  dux  density  produced  is  directly  proportional  to  the  current  (v 


8 


Now 


current  I,  *  V   or    /;  =•  flf, V 


Let  V  is  11 


sin  i 


V  / 

.'  mux  mm 

V  I 

mil  nun 


[ 

Jin 


and  sin  (9-0)    .-.  7 

*  sin  6sin{e-<t»)(iR-:  ^  ^ 


47C 


6  cos  §  - 


sin  (29  -  i|n 


O  L'urrf  ill 


In  d.c.  circuits,  power  is  given  hy  the  product  of  voltage  and  current  in  amperes,  hence  torque  is 
directly  proportional  to  the  power. 

Lei  us  sec  how  this  instrument  indicates  true  power  on  ii.e.  circuits. 

For  a.c,  supply,  the  value  of  Instantaneous  torque  is  given  by  7*Jmr    iti  s>  K  w 
where  v  =  instantaneous  value  of  voltage  across  the  moving  coil 

i  -  instantaneous  value  of  current  through  the /Icrd  coils 

However,  owing  to  the  large  inertia  of  the  moving  system,  the  instmrneni  indicates  the  mean  or 
average  power. 

,\    Mean  delict  ling  torque  Tm  «  average  value  of  or 

eo^-cos  f20-j»rfa 

2k    J  "  "  : 

V  ! 

Mg    m&.Qg  ^ft  VI  cos$ 

where  V  and  /  arc  the  rm.s.  values     A    Tm  «  V/  cos  ft     true  power. 

Hence,  wc  find  that  in  the  case  of  a.c.  supply  also, 
the  defied  ion  is  proportional  to  the  tree  power  in  the 
circuit. 

Scales  of  dynamometer  wattmeters  arc  mure  in 
less  uniform  because  the  deflection  is  proportional  to 
the  average  power  and  for  spring  control,  containing 
torque  is  proportional  to  the  deflection.  Hence  6  ■* 
power.  Damping  is  pneumatic  with  the  help  of  ti  piston 
moving  in  an  air  chamber  as  shown  in  Fig.  10.49, 

KrTtirs 

The  inductance-  of  the  moving  or  volUgc  coil  is 
liable  to  cause  error  but  the  high  non-inductive  resis- 
tance connected  in  scries  with  the  coil  swamp*,  to  a  great  cxtenL  the  phasing  effect  of  the  voltage- 
coil  induetance 

Anolher  possible  error  in  the  indicated  power  may  be  due  to  (jfj  some  voltage  drop  in  the  circuit 
or  (lit  ihc  current  taken  hy  the  voltage  coil.  In  sLmdard  wattmeters,  this  defect  is  overcome  by 
having  an  additional  compensating  w  inding  which  is  connected  in  series  with  the  voltage  coil  hut  & 
so  placed  dial  is  produces  a  field  In  opposite  direction  to  that  of  the  fixed  or  current  coils. 

f\d\un«nnt->  and  IKsndMinHiyf- 

By  careful  design,  such  instruments  can  he  buik  to  give  a  very  high  degree  of  accuracy.  Hence 
they  are  used  as  a  standard  Tor  calibration  purposes.  They  tire  equally  accurate  on  d.c  as  well  as  a.c. 
circuits. 

However,  at  low,  power  factors,  the  inductance  of  the  Voltage  coil  causes  serious  error  unless 
special  precautions  are  taken  to  reduce  this  effect  I  An.  I0,3S  ill)]. 


Prcponionnl 
i  .  Vull  ifi 


Fig.  10.4" 
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iojr.  Whiudcut  Error* 

U\   Error  Due  tn  Difkiriil  (.'(iiim-ctiiins 

Two  possible  ways  of  connecting  a  wattmeter  in  a  single- phase  a.c.  circuit  are  shown  in  Fie. 
1050  along  with  iheir  phasor  diagrams.  In  Fig.  10.50  {a),  the  pressure  or  voltage-coil  current  does 
not  pass  Ihrojgh  the  current  cotld  of  the  wattmeter  whereas,  in  the  connection  of  Fig.  1 0.5(1  (b)  is 
passes.  A  wattmeter  is  supposed,  to  indie  ale  the  power  consumed  by  the  load  but  its  ftettta]  reding  is 
slightly  higher  due  to  power  losses  in  die  instrument  circuits.  The  amount  of  emir  introduced  depends 
on  the  connection. 

\al  Consider  the  connection  of  Fig,  10.50  (#),  If  cos  $  is  the  power  factor  of  the  load,  then 
power  in  the  load  is  VI  cos  B. 

Now,  voltage  across  the  pressure-coil  of  the  wattmeter  is  V,  which  is  the  phasor  sum  of  the  load 
voltage  V  and  p.d.  across  current-coil  of  the  instrument  i.e.  V*  Ir  where  r  is  the  resistance  of  the 
current  toil), 

Hence,  power  reading  as  indicated  by  the  waiimetcr  is  =  V,  I  cos  B 
where  8  =  phase  difference  bee  ween  V,  and  /  as  shown  in  the  phasor  diagram  of  Fig.  10.5(1  (ui. 
As  seen  from  she  phasor  diagram,  Vt  cos  fl  -  i;  V  cos  $  +  V) 
wattmeter  reading  =  Vy  cos  B  ,  /  =  ( V  cos  i|i  +  V)  / 

=  VI  cos  fl  +  V  I  =  VI  cos  (ft  +  fV  =  power  in  load  +  power  in  current  coil. 


Fig.  MUM 

lb)  Next,  consider  the  connection  of  Fig.  1 0.50  (b).  The  currcn!  through  the  current-coil  of  the 
waltmeter  is  the  phasor  sum  of  load  current  /  and  voltage-coil  current  f  -  VtR.  The  power  reading 
indicated  by  the  wattmeter  is  =  VI  ]  cos  8. 

As  seen  from  the  phasor  diagram  of  Fig-  10.50  ('/>),  /,  cos  B  m  (7  cos  Q  +  f ) 

waltmeter  reading  =  V  (/  cos    +  f)  =  Vt  cos  §  +  Vt'  =  VI  cos  <]t  a  WR 
-  power  in  load  +  power  in  pressure-coil  circuit 
ioi  Ermr  Due  to  Vnllagu-coll  I  n  dm  lan  n- 

While  developing  the  theory  of  electrodynaraic  instruments.  It  was  assumed  that  pressure-coil 
docs  not  posses  any  inductance  (and  hence  reactance)  so  that  current  drawn  by  it  was  =  VIR.  The 
wattmeter  reading  is  proportional  to  the  mean  deflccling  torque,  which  is  itself  proportional  to  {{f2 
cos  0.  where  6  is  the  angle  between  two  currents  tFig  1 0.52 J. 

In  case  the  inductance  of  the  vollage-coit  is  neglected. 


Llti  triial  instruments  aiut  Stt'u\iiremv>ti.\ 


JH7 


and 


Fir.  1031  Htf.  10.52 

!l  =  Vt(R  +  Rp)  =  V/R  approximately 

6  =  9  as  shown  in  (Jie  phasor  diagram  of  1 0  53  (a) 

wattmeter  reading  «       cos  9 


In  case,  inductance  of  the  voltage  coil  is  taken  into  consideration,  then 

 V   V   VI 

!i  lags  belling  V  by  an  angle  a  ]Fig.  10.52  ih)]  such  (bat 

tan  u  =  Jfj/f/f,,  +  A)  -  XLtR  fapproxj  =  <t>L(jR 

wattmeter  reading  «       <™  e  ~  ^  coa    "  ^ 


Now 


cos  a  a 


■(0 


r    cos  a 


wattmeter  reading  in  this  case  is  «  /|  ^  cos  a  COS  ff(  -  a)  «.0C9 

Eq.  0)  above,  gives  wattmeter  reading  when  inductance  of  the  voltage  coil  is  neglected  and 
Eq  Ui)  gives  the  reading  when  it  is  taken  Into  account. 

The  correction  factor  which  is  given  by  the  ratio  of  me  true  reading  (Wf)  and  the  actual  or 
indicated  reading  <  IV  j  of  the  wattmeter  is 

U. 

Wt  R]  =        cos  9 


V7.  cos o cos  (0-ot) 

— 1  cos  tx  cos  (9  -CO  i 
H 


cos  0 


Since,  in  practice,  a  is  very  smalJ,  cos  a=  I .  Hence  die  correction  factor  becomes  =  — 

r  cos  (9  -  iif 

.'.    True  reading  *  — — CO!*  ^  k  actual  reading  =  — — -  x  actual  reading 

cos  a  cos  (t  -oo  cos  (9 -a) 

The  error  in  terms  of  the  actual  wattmeter  reading  can  be  found  as  follows  : 

Actual  rL'admg-trw  reading 

=  actual  reading  C°Sf^  -X  actual  reading 

cos  a  cos  (9  -  a) 


1- 


cos  9 


n  <M"  a  1 

+  sin  9sm  a  J 


cos  «tt  -  a) 

sin 


actual  reading  - 


cos  9 


acUial  reading  = 


cos  9  +  sin  9  cos  a 
sin  a 


x  actual  reading 


cos  9  +  sin  a 


x  actual  reading 


tilevtritat  Techttnhtxy 


The  error,  expressed  as  a  fraction  of  the  actual  reading,  is  - 


sin  a 


cos  0  +  sin  a 


Percentage  error  = 


hi!i  a 


x  100 


cos  t|i  +  sin  a 

lit/1  F.rmr  Duv  t«  Cupavilaiiir  in  \  «U«p;e-cMil  Circuil 

There  is  always  present  a  sm^U  amount  of  capacitance  in  Lhe  voltagc-eoil  circuit,  particularly  in 
i he  series  resistor.  Its  effect  is  to  reduce  angle  a  and  thun  reduce  error  due  to  the  inductance  (if  the 
voltage  coil  circuit.  In  fact,  in  some  wattmeters,  a  small  capacitor  is  purposely  connected  in  parallel 
with  the  series  resistor  for  obtaining  practically  nnn-induelive  voltage-coil  circuit.  Obviously,  over- 
compensation will  make  resultant  reactance  eapacitive.  thus  making  a  negative  in  lhe  above  expres- 
sions. 

(fi't  Error  Due  to  Stra>  Fit-Ids 

Since  operating  Held  of  such  an  instrument  is  small,  it  is  my  liable  to  stray  field  errors.  Hence, 
it  should  he  kepi  as  far  away  as  possible  ffcan  stray  fields.  However,  errors  due  to  stray  fields  are.  in 
general,  negligible  in  a  properly-constructed  instrument. 

It]  Frrnr  Due  tu  Fdtfj  Currvnls 

The  eddy  current  produced  in  the  solid  metallic  parts  of  the  instrument  by  the  alternating  ficki  Cl 
the  current  coil  changes  die  magnitude  and  strength  of  this  operating,  field  thus  producing  an  emir  in 
Lhe  reading  of  die  w;ittmeter.  This  error  is  not  easily  calculable  although  it  can  be  serious  il  care  is 
not  taken  to  remove  away  wild  masses  of  metal  from  (he  proximity  of  die  current  eoil. 

Fvamplc  ln.22.   \  t.'uinnitimrrrr  ivftf  luittmtw  w  ith  r/>  valhq/r  coil  i  tmtwi  trtf  uvrtntt  tltr  Ititiri 
.tide  a!  tltr  instrument  mid\  250  W  ll  ihr  hunt  vokttgt  Iff  340  V.  ivluu  JHRNVT  II  briny  wken  by  Intuit 
WmiirMw  77«-  vuthim  i  t'il  bniih.li  Inn  a  resistatwe  <>/  2.\KHt  11 

i  Fleet.  [Engineering.  Madras  Univ.  l'>K5i 
Solution.  Since  voltage  coil  is  connected  across  the  load  side  of  the 
JU     wattmeter  (Fig.  10.53).  the  power  consumed  by  it  is  also  included  in 


Fin.  HF53 


the  meter  reading. 

Power  consumed  by  voltage  coil  is 

=  \>2{R  =  20072,000  =  20  W 
,'.  Power  being  iafcen  by  load  ■  250  -  20 
-  250  W 

Fvumulr  llt.2J,  A  Itf-A  <h'»o>ttr>tnr)rr  ty/v  watmwttr  )ms  rtwtamte  "I  i  tirn  ut  jtMd 

(Htwtuitil .  <>tl*  <>i 11  S  mul  IZJO&ahim  rrywrnWv  FiW  Mi  pen  rMMgtt  flfW '<>  n*  h  uftht 
nHfkmb  <\f  •  "iiHfi'iinn  wht'n  nntiy  p.J  hauis  at  250  rn/iS  an-  nj  fr/J  4A  tl>t  12  -\ 

Ncfilei  l  the  error  tint  to  the  induttantie  o)  pressure  coil. 

iFI<m1.  MtiiMirt Hunts.  Pimr.  Llniv,  >9R?> 

Solution.  \.n\  When  I  =  4  A 

(f)   Consider  the  type  of  connection  shown  in  Fig.  10.50  U» 
Power  loss  in  current  coil  of  wattmeter  =  r r  =  4*  x  0.5  =K  W 

Load  power  =  250  x  4  x  I  =  1000  W  ;  Wattmeter  reading  =  1008  W 

.-.    percentage  error  *  (8/ 10081  X  100s=n.7<M  , 

Ui)  Power  loss  in  pressure  coil  resistance  =  V/R  -  25071 2,500  =  5  W 

.•.    Percentage  error  »5x  1  (XVI 005  =  «.4V7  $ 

I /'i  When  r  =  12  A 

(F)  Power  loss  in  current  coil  =  12"  X  0.5  -  72  W 

Load  poww=  250  x  12  x  I  =  3000  W  ;  wattmeter  reading  =  3072  W 


ICleetneui  instruments  mid  Measurements 


percentage  error  =  72  x  100/3072  =  2M  % 
{it)  Power  loss  in  the  resistance  oi  pressure  coil  is  250^/12,500  =  5  W 
.-.  percentage  cnw  =  5  x  100/3005  a  0.166  % 

F.xuinpk-  10.2-1.  An  ela  irarlvnamic  wattmeter  has  a  mtttiye ,  -in  tin  oi  .ciMunt  e of  X(XH>  il  ami 
indn,  nnu  i  ttffij.fi  mil  whu  h  i\ « •ttmwt  ted  dim-fix  thrasra  Umd  carrying  a  current  oj  HA  at  a  SfhHz 
niim^  of  2-Ul-V  and  p.j.  ofO.  I  ttt&gfog,  I  annate  the  percentage  IWat  ai  tltr  wattmvtrr  rending 
caused  by  the  Imdintf  and  imlmtanct  n{  the  vnliage  circuit. 

i  Fleet  &  hlectronk  Meaiiu.  &  Insiru.  Miigpur,  Lniv,  W2t 

Si  tin  linn.  The  circuit  connections  ttre  shown  in  Fig-  10.54. 

Load  power  =  240  x  8  x  0. 1  =  ]  92  W 

cos  to  ■  0  1 ,  *  a  cos-'  (0.  L')  =  84"  16' 

Power  loss  in  voltage  coil  circuil  Ls  -  V~/R 

-  240'/SOOO  -  7.2  W 

Neglecting  the  inductance  of  the  voltage  toil,  the  watt- 
meter reading  would  be 

-  192  +  7.2  =  199.2  \\ 


Now.     Xp  =  2lt  x  50  x  63.3  x  10"  =  20  Q 

0t  =  ian" '  <  20/8000)  =  tan  '  (0.0025)  =  CT  9' 


fig.  10.54 


Error  factor  due  to  inductance  of  the  voltage  coil  = 

Wattmeter  reading  =  1-026  x  I9y.2  =  204.4  W 
f  204.4-199.; 


cos(*- a)     cos  84°  V 


cos  84"  16 


s  =  1 ,026 


Percentage  error  = 


J  99.. 


100  b  ti  1* 


trr 


Example  10-25.  Tlw  inductive  rem  tuncc  of  the pnJMtt-cail  circuit  a/a  tivimmiimctt  r  wattmc 
is  U.4  "5  iff  in  rpnistmu  v  at  normal  frrtjui'itcy  and  (he  capacitance  is  nreligihir. 
Calculate  ihi  perceiito^e  error  and  i  orrection  factor  due  to  reac  tance  fur  load  at  (it  0. 707  pj 
Irifmiiift  ami  id i  OJ  ji.f  tagging  (Elect.  Measurement.  Boinbuy  Univ,  1987 1 

Sol  u  I  inn.  It  is  given  thai  XJR  =  0.4  R  =  0.004 
tan  a  -  XJR  -  0.004    /.    a  =  0°  1 4'  and  sin  a  -  0.004 
(f  J    \\  hen  pA.  a  U.7(I7  (i.c  0  =  45") 

ip  COS  45" 

cos  Hp  -  a) 


Correction  factor 


eos  44"  46' 


=  ll.99fi 


Percentage  error  = 


Mil  a 


cot  o  -  sir 
0,004  x  100 


-XlOQ  = 


sir  0"  14' 


cOl45D+>,in0"l4' 


,  x  100 


When  p.f.  = 

Correction  factor  = 

Percentage  error  = 


I  +  0.004 
0.5  {i.e..  to  =  fitTl 


0-4      „  ,  < 


eos  6<r 


;  -  0.993 


cos  59"  46 

sin  tr  14'  (         0.004  x2()0_  _  u.4_=fl7 

cos  60°  +  sin  if  \4'  0.577  +  0.(X)4  "  0M I  ~ 


lixurnple.  l(L2ft,  Tlie  ranrm  coil  of  wtmmetrt  ts  cmuuvied  in  series  with  an  ttimneitr  ami  an 
wduetur  tciad.  :\  votfmclcr  and  the  voltaic  circuit  of  the  minnieicr  arc  connected  across  a  4tX>  Itz 
iupfd\  file  ammeter  readme  n  4. 1  \  and  >  nlimetrr  and  walUwlcr  readings  arc  respectively  240  V 
imd  2v  W.  Vie  indifcUmcc  of  i/u  mltage  circuit  is  5  mlt  and  its  resistance  is  •/  kil.  it  tin  ealiagi 
(VVfU  <(f  ross  lite  altimeter  and  current  end  are  ni'ffhftihte.  what  is  the  percentage  WWW  '"  wattmeter 
rending  ? 


3'>H 


Electrical  Technology 


Sululioti.  The  reliance  of  ihc  voltage-coil  circuit  is  Xp  =  2ji  x  400  x  5  x  10"  it  ohm 
tana  =  jyfl  =  4rt/4000  =  0.003 142 

a  -  0  003 1 42  radian  < :.  angle  is  very  small! 
m  O.lfJ*  or  0"I1' 


Now,  true  reading 
or  VI  cos  $ 

or  W 

liking        (cos  a 
cos  (0  -  a) 
<)>  -  a 

Percentage  error 


COS  (ji 


cos  a  cos  (4  -  a) 

cos  :|> 


x  actual  reading 


cos  a  cos  {$  -  a) 
actual  rending 
cos    -  a) 

I  i 

29/240  x  4,5  =  0.02685 
88°28'ot*  =  &8"39' 
sin  a 


-  y.  act  j ill  reading 


400  c/i 


Kir.  MJI 


eotijn-  sin  a 
0.0032 


xlOO- 


sin  11' 


cot  88°  39'  +  sin  11' 


xl  00 


-x  HMI  =  l>  ft 


0.235  +  0.0032 
10.39.  Induclktn  Wattmeters 

Principle  of  induction  wattmeters  is  the  same  as  £hat  of  induction  ammeters  and  voltmeters. 
They  can  be  used  on  a.c.  supply  only  in  constant  with  dynamometer  waiunctcn,  which  can  be  used 
both  on  d.c.  and  a.c.  supply.  Induction  wattmeters  are  useful  only  when  the  frequency  and  supply 
voltage  are  constant. 

Since,  both  a  current  and  a  pressure  element  are  required  in  such  instrument,  ii  is  not  essential  to 
use  the  shaded  pole  principle.  Instead  of  this,  two  separate  a.c.  magnets  Lire  used,  which  produce 
twn  fluxes,  which  have  the  required  phase  difference. 

Construe  I  ion 

The  wattmeter  has  two  laminated  electromagnets,  one  of  which  is  excited  by  the  current  in  the 
main  circuit-exciting  winding  being  joined  in  series  with  the  circuit,  hence  it  is  also  called  a  series 
magnet.  The  other  is  excited  by  current  which  is  proportional  to  the  voltage  of  the  circuit.  Its 
exciting  coil  is  joined  in  parallel  with  the  circuit  hence  this  magnet  is  witu -times  referred  to  as  shunt 
magnet. 

A  thin  aluminium  disc  is  so  mounted  that  it  cuts  the  fluxes  of  both  magnet.  Hence,  iwo  eddy 
currents  are  produced  in  0k  disc.  The  deflection  torque  is  produced  due  to  die  Interaction  of  these 
eddy  current  and  the  inducing  fluxes.  Two  or  three  copper  rings  are  titled  on  the  central  limb  of  the 
shunt  magnet  and  can  be  so  adjusted  as  to 
niii fee  the  resultant  flux  in  the  shunt  magnet 
Sag  behind  the  applied  voltage  by  90s. 

Two  most  common  forms  of  the  elec- 
tromagnets are  shown  in  Fig.  10,56  and 
10.57 .  It  is  seen  that  in  both  cases,  one  mag- 
net is  placed  above  and  the  other  below  the  Supply 
disc.  The  magnets  are  so  positioned  and 
-  h.jped  that  their  fluxes  arc  cut  by  the  disc. 

In  Fig.  10,56,  the  two  pressure  coils  are 
joined  in  series  and  are  so  wound  that  both 
send  tile  (lux  through  the  central  limb  in  the 
tLtme  direction.  The  series  magnet  carries 
two  coils  joined  in  scries  and  so  wound  that 
they  magnetise  their  respective  cores  in  ihe 
same  direction,  Correct  phase  displacement 


Load 


liitctricul  instruments  and  \Uasuremc»t\ 


-■■  


Cupper  Shadiny 
linnd- 


■ii>.  mst 


between  the  shunt  and  series  magnet  fluxes  can  be  obtained  by  adjusting  the  position  of  die  cupper 
shading  hands  us  shown. 

 ShuMi  ot  

In  the  type  of  instrument  shown  in  Fig.  V 

10.57,  there  b,  only  one  pressure  winding 
and  one  current  winding.  The  (wo  project- 
ing poles  of  the  shunt  magnet  are  sur- 

 ided  b>   ,i  Ctjppci  shading  h:  md  wfc  I  ISC 

position  can  be  adjusted  tor  correcting  the 
phase  of  the  flux  of  this  magnet  with 
respeel  lo  I  he  voltage, 

Both  lypes  of  induction  wattmeters 
shown  above,  are  spring-eun  trolled,  the 
spring  being  Tilted  lo  the  spindle  of  the  mov- 
ing system  which  also  carries  the  pointer, 
The  stale  is  uniformly  even  and  extends 
over  300". 

Currents  upto  100  A  can  be  handled  by  such  wattmeters  directly  but  for  currents  greater  than 
lius  v-iJuc,  they  art  used  in  conjunction  with  current  trans formers.  The  pressure  coil  is  purposeh 
made  as  much  inductive  as  possible  in  order  that  the  flux  through  it  should  lag  being  the  voltage  by 
90" 

Theury 

The  winding  of  one  magnet  carries  line  current  /  so  that  <J»,  «:  /  and  is  in  phase  with  /  (Fig. 

10-58).  The  other  coil  i.e.,  pressure  or  voltage  coil  is  made  highly  indue 
live  having  an  inductance  of  L  and  and  negligible  resistance.  This  is 
connected  across  die  supply  voltage  V,  The  current  in  the  pressure  coil  is 
therefore,  equal  to  V7uV_.  Hence,  «  Vlv&L  and  lags  behind  the  voltage 
by  90".  Let  the  load  current  /  lag  behind  V  by  $  r.c,  let  the  load  power 
Factor  angle  be  <j).  As  shown  in  Fig,  10,56,  the  phase  angle  between  'I1, 


and  *2  is  a  = 


(90- 


The  value  of  die  torque  acting  on  the  disc  is  given  by 


or 


T  - 

T  «  2  <MJ 


too* i „*:!„,  sin  a 


V 

<>>L 


sin  (90  -to), 


-  Art,  10.25 

VI  co*  4>  «  power 

For  spiing  control,  the  con- 


Hence,  the  torque  is  proportional  to  the  power  in  the  load  circuit, 
trolling  torque  Tt  «  Q.    .".    6    power.  Hence,  the  scale  is  even. 

10.411.  Advantage  and  Limitations  <d  Induction  Wattmeters 

These  wattmeters  posses  the  advantages  of  fairly  long  scales  (extending  over  ,100"  i.  are  free 
I  mm  the  effects  or  stray  llclds  and  have  good  damping.  They  are  practically  free  from  frequency 
errors.  However,  they  are  subject  to  (sometimes)  serious  temperature  errors  because  die  main  effect 
of  temperature  is  on  the  resistance  of  the  eddy  current  paths. 

10.41.  hnergj  Meiers 

Energy  meters  are  integrating  instruments,  used  to  measure  quantity  of  electric  energy  supplied 
to  a  circuit  in  a  given  time,  They  give  no  direct  indication  of  power  i.e..  as  to  the  rate  at  which  energy 
rs  being  supplied  because  their  registrations  are  independent  of  the  rate  at  which  a  given  quantity  of 
electric  energy  is  being  consumed.  Supply  or  energy  meters  are  generally  of  die  following  types  : 

(fl  Electrolytic  meters  -  their  operation  depends  on  electrolytic  action. 

(tfj  Meter  meters  -  they  are  really  small  electric  motors. 

(tip)  Clmk  meters  -  they  function  as  thick  mechanisms. 


Klecmeai  i'txhtnilt  tgy 


IU.42.  K.lectrohlk  Meier 

Ji  is  used  on  d.c.  circuits*  only  and  is  essentially  an  ampere-hour  meter  and  noi  a  true  watt-hour 
meter.  However,  its  registrations  are  enlivened  inio  wall-hour  by  multiplying  them  by  the  voltage 
(assumed  con  slant  )  of  the  circuits  in  which  it  is  used.  Such  instruments  arc  usually  calibrated  to  read 
kWh  directly  at  the  declared  voltage.  Their  readings  would  obviously  be  incorrect  when  used  on  any 
other  voltage.   Because  of  the  tfUtstioti  of  power  factor,  wrii  instrument  t'ttunot  !>e  used  on  ei.e. 

The  advantages  of  simplicity,  cheapness  and  of  low  power  consumption  of  ampere-hour  meters 
■are.  to  a  large  extent,  discounted  by  the  fad  thai  variation  in  supply  voltage  are  not  taken  into 
account  by  them.  As  an  example  suppose  that  the  votlage  of  a  supply  whose  norminal  value  is 
220  V,  hits  an  average  value  of  216  volts  in  one  hour  during  which  a  consumer  draws  a  current  of 
100  A,  Quantity  of  electricity  us  measured  by  the  instrument  which  is  calibrated  on  220  V,  is  220  x 
KWI 000  -  22  kWh.  Actually,  the  energy  consumed  by  the  customer  is  only  2 1 6  x  1 00/1  (TOO  =  21  .6 
kWh.  Obviously,  the  consumer  is  being  overcharged  10  the  ©Went  of  the  cost  nf  22  -  21 ,6  =  0-4  kWh 
of  energy  per  hour.  A  true  wailhour-meler  would  have  taken  into  account  the  decrese  in  the  supply 
voltage  and  would  have,  therefore,  resulted  in  a  saving  to  the  consumer.  If  the  supply  voltage  would 
have  bee  higher  by  thai  amount.  Ihen  the  supply  company  would  have  been  the  loser  (Es.  10.27) 

In  Litis  instrument,  the  operating  current  Ls  passed  through  u  suitable  electrolyte  contained  in  a 
voltmeter.  Due  to  electrolysis,  a  deposit  of  mercury  is  given  or  a  gas  is  liberated  (depending  on  the 
type  of  meter!  in  proportion  to  the  quantity  of  electricity  passed  (Faraday's  Laws  uf  Electrolysis), 
The  quantity  of  electricity  passed  is  indicated  by  the  level  of  mercury  in  a  graduated  tube.  Hence, 
such  instruments  are  calibrated  in  amp-hour  or  if  constancy  of  supply  voltage  is  assumed,  are  cahhraled 
in  watt-hour  or  kWh. 

Such  instrument,*  are  cheap,  simple  and  are  accurate  even  at  very  small  loads.  They  are  not 
affected  hy  stray  magnetic  fields  and  due  to  the  absence  of  any  moving  parts  are  free  from  friction 
errors. 

1 11.43.  Mt*ar  Meiers 

Most  commonly -used  instruments  of  this  type  are  : 

(!)   Mercury  motor  inetm  Oi)  Commutator  mirror  meters  and  00  Induction  motor  meters. 

Of  these,  mercury  motor  meter  is  normally  used  on  d.c.  circuits  whereas  the  induction  type 
instrument  is  used  only  on  a.c.  circuits.  However,  the  commutator  type  meter  can  be  used  both  for 
d.c.  as  well  as  a.c.  work. 

Insirumenis  used  for  d.c,  work  can  be  either  in  the  form  of  a  amp- hour  meters  or  watt-hour 
meters,  In  both  cases,  the  moving  system  is  allowed  to  revolve  continuously  instead  of  being  mererely 
allowed  to  deflect  or  rotate  through  a  fraction  of  a  revolution  as  in  indicating  instruments.  The  speed 
ol  rotation  is  directly  proportional  to  the  current  in  the  ease  of  amp-hour  meter"  and  to  power  in  the 
case  ol  watt-hour  meter,  Hence  the  number  of  revolutions  made  in  a  given  lime  is  proportional,  in 
the  ease  of  amp-hour  meter,  to  the  quantity  of  electricity  \  Q-  lx  f)  and  in  die  case  of  Wh  meter,  to 
the  quantity  of  energy  supplied  to  the  circuit.  The  number  nf  re  volutions  made  are  registered  by  a 
counting  mechanism  consisting  of  a  irain  of  gear  wheels  and  dials. 

The  connot  of  speed  of  the  rotating  system  is  brought  about  hy  a  permanent  ntagnel  (known  as 
braking  magnet  J  which  is  so  placed  as  to  set  up  eddy  currents  in  some  partis  or  the  rotating  system. 
These  eddy  currents  produce  a  retarding  torque  which  is  proportional  to  their  magnitude- their  mag- 
nitude itself  depending  on  the  speed  of  rotation  of  the  rotating  system.  The  rotating  system  attains  a 
tieady  speed  when  the  braking  torque  exactly  balances  the  driving  torque  which  is  produced  either 
by  the  current  or  power  in  the  ctrcuit- 

Reecnllv  wkU  itiMrumnnu  have  (veil  murkm-il  far  nHMvirtwiit  ol  ktlmuli.imrM:re-h(nii-(.  on  j.l.  «jpplv. 
nhlniL  a  snuiJI  reaifier  unit,  wlwlt  consist*  of  <i  current  tnnwfonncr  and  tull-wjw  t upper  o*iuc  reutificr 


Met-mea!  Justrumrt>t<  and  MrnsuninriUy 


The  essential  parts  of  motor  meters  are  : 

1,  An  operating  system  which  produces  an  operating  torque  proportional  to  the  current  or 
power  in  the  circuit  and  which  causes  the  rotation  of  the  rotating  system. 

1  A  retarding  or  braking  device,  usually  a  permanent  rrumgnet,  which  produces  a  braking 
torque  in  pro  portion  a]  to  the  speed  of  rotation.  Steady  speed  of  rotation  is  achieved  when  braking 
torque  becomes  equal  to  the  operating  torque, 

%  A  registering  mechanism  for  the  revolutions  of  the  rotating  system.  Usually,  it  consists  of 
a  train  of  wheels  dirven  by  the  spindle  of  the  rotating  system.  A  worm  which  is  cut  on  the  spindle 
engages  a  pinion  and  so  driven  a  wheel-train. 
ML44.    Krroni  in  Molor  Meters 

The  two  main  errors  in  such  instruments  are  :  (i)  friction  error  and  (ii)  braking  error,  Friction 
error  is  of  much  mure  importance  in  their  case  than  the  corresponding  error  in  indicating  instruments 
hecause  («)  it  operates  continuously  and  (£>|  it  affects  the  speed  of  the  rotor.  The  braking  action  in 
such  meters  corresponding  to  damping  in  indicating  instruments.  The  braking  torque  directly  affects 
the  speed  for  a  given  driving  torque  and  also  the  number  of  revolution  made  in  a  given  time. 

Friction  torque  can  be  compensated  for  a  providing  a  small  constant  driving  torque  which  is 
applied  to  the  moving  system  indcocude^i  uf  ihc  load 

A»  said  earlier,  steady  speed  of  the  such  instruments  is  reached  when  driving  torque  is  euqal  to 
the  braking  torque.  The  braking  torque  is  proportional  to  the  flux  of  the  hraking  magnet  and  die 
eddy  current  induced  in  the  moving  system  due  to  its  rotation  in  the  field  of  the  braking  magnet 

%  *  k 

where  *  ts  the  (lux  of  Uh;  braking  magnet  and  r  the  induced  current.  Now  /  =  eJR  where  i  is  the 
induced  e.tn.f.  and  ft  the  resistance  of  the  eddy  current  path.  Also  l  «  d>  n  where  n  is  the  speed  of  the 
moving  part  of  the  instrument. 

*     v   r  a 

The  torque  7$  at  the  steady  speed  of  .V  is  given  Tg'  «  0'  MR 

Now  Tf)"  =  Tp  -  the  driving  torque 

Tf>  -  <J>~  WR   or   .V  -  TiyR/Qr 

Hence  for  a  given  driving  torque,  the  steady  speed  is  direcly  proportional  to  the  resistance  of  die 
eddy  currem  of  path  and  inversely  to  the  square  of  the  flux. 

Obviously,  it  is  very  important  that  the  strength  of  the  field  of  the  brake  magnet  should  be 
constant  throughout  the  time  the  meter  is  in  service.  The  constancy  of  Held  strengths  can  he  assured 
by  careful  design  ircjitment  during  the  manufacturing  of  the  brake  magnet.  .Variations  in  lempera- 
in.iv  wdl  ;i:UV  1 1 K'  hi:.d-J:u  tmuue  snxv  li.e  icsisLincc  ol  the  eddy  current  path  will  L-ttuiigc  I'bi.-. 
error  is  difficult  to  fully  compensate  for. 

1(1.45.  Quantity  or  ampere-hour  Meters 

The  use  of  such  meters  is  mostly  confined  to  d.e,  circuits.  Their  operation  depends  on  the 
production  of  two  torques  (i)  a  driving  torque  which  is  proportional  to  the  current  /  in  the  circuit  and 
Ui)  a  braking  torque  which  is  proportional  to  the  speed  n  of  the  spindle.  This  speed  attains  a  steady 
value  iV  when  these  two  torques  becomes  numerically  equal.  In  that  case,  speed  becomes  proportional 
to  current  i.e.,  N  «  /.  Over  a  certain  period  of  time,  the  total  number  of  revolutions  jM/z  will  be 
proportional  to  the  quantity  of  electricity  J  tilt  passing  through  the  merer  A  worm  cut  in  the  spindle 
as  its  (op  engages  gear  wheels  of  the  recording  mechanism  which  has  suitably  marked  dials  reading 
directly  in  ampere  hours.  Since  electric  supply  charges  are  based  on  watt-hour  rather  than  ampere- 
hours,  the  dials  of  ampere-hour  meters  am  frequently  marked  in  corresponding  watt-hour  at  the 
normal  supply  voltage.  Hence,  their  indications  of  watt-hours  are  correct  only  when  die  supply 
voltages  remains  constant,  otherwise  reading  will  be  wrong. 


Eietiricul  I  ttUnuUt^y 


lll.-kt.  \mpcre-hour  Meriur)  Motor  Meter 

IE  is  one  of  the  best  and  most  popular  forms  of  mercury  Ah  meter  used  for  d.c.  work. 
CoostnictJo-n 

1 1  consists  or  a  thin  Cu  disc  D  mounted  tit  the  base  of  a  spindle,  working  in  jewelled  cup  hearing* 

and  revolving  between  a  pair  of  [fennanent  magnels  Mi  and  M2.  One  of  the  I  wo  magnets  Lc„  M2  is 

used  for  dirving  purposes  whereas  A/,  is  used  for  braking,  In  between  the  poles  of  M]  and  M2  is  a 

hollow  circular  box  B  in  which  rotates  the  Cu  disc  and  the  rest  of  the  space  is  filled  up  with  mercury 

which  exerts  ft  inside  rable  upward  dtrusl  on  the  disc,  (hereby  reducing  the  pressure  on  the  bearings. 

The  spindle  is,  so  weighted  thai  it  just  sinks  in  the  rnercury  bath.  A  worm  cut  in  the  spindle  ai  its  top 

engages  the  gear  wheels  of  the  recording  mechanism  as  shown  in  Fig. 

Wurm 
Wheel 


Magnet 


Mi 


Disc 


■  Mercury 


Fid.  ><>.M 


I'rincipta  tif  Vliim 

Its  principle  of  action  can  be  understood  from  fig.  1 0,61  which  shows  a  separate  line  drawing  of 
the  moior  clemcciL 

Thc  current  to  be  measured  is  led  into  the  disc  through  (he  mercury  at  a  poinl  at  its  circumfer- 
ence on  the  right-hand  side.  As  shown  by  arrows,  it  flows  radially  to  the  centre  of  the  disc  where  it 

passes  out  to  the  external  circuii  through 
the  spindle  and  its  bearings.  It  is  worth 
noting  that  current  flows  takes  place  only 
under  she  right-fumd  side  magnet  M2  and 
not  under  the  left-hand  side  magrtel  Mv 
The  Held  of  M2  will,  iherefoce.  exert  a 
force  on  lire  rigcit-siUe  portion  of  the  disc 
which  carries  (he  current  (motor  action). 
The  direction  of  the  force,  as  found  by 
Fleming1  s  Left-hand  rule,  is  as  shown  by 
the  arrow.  The  magnitude  of  the  force, 
depends  on  the  flux  density  and  current 
i '.-  F  =  BIf),  The  driving  or  motoring 
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torque  7d  so  produced  is  given  by  the 


product  of  the  force  and  the  distance  from  the  spindle  at  which  this  force  acts.  When  the  disc  rotates 
under  the  influence  of  dtis  torque,  it  cuts  through  the  field  of  left-hand  side  magnet  Wl  and  hence 
eddy  currents  are  produced  in  it  which  results  in  the  production  of  braking  torque.  The  magnitude  of 
the  reiacding  01  baking  tou^ie  is  proton  ion<*  I  to  th<?  speed  ^'mtation  ol  the  disc. 
Theory 

Driving  toque  Jj«  force  on  (In:  disk  >■  /.*  1 

If  the  flux  density  of  M2  remains  constant,  then  Td  /. 


I  h't  tnciil  fii\ir»mrnts  and  Meanurenunis 


399 


The  braking  torque  TH  is  proportional  lo  the  flux  of  braking  magnet  Mt  and  eddy  current  i 
induced  in  the  disc  due  to  its  rotation  in  the  field  of  Mt. 

Now  i  s  elR  when?  0  is  the  induced  e.m.f.  and  R  the  resistance  of  eddy  euxrent  path. 

Also  e  ~  *  -  where  n  is  the  speed  of  the  disc  .'.  f., «  tf  x  _s.  «  5— ^ 

R  R 

The  speed  of  the  disc  will  attain  a  steady  value  N  when  the  driving  and  braking  torques  becomes 
equal.  In  thai  case.  7^  «  <b2/N/R 

If  *  and  R  are  constant,  then  I  ^-  N 


r 


Jo 

MU7 


The  total  number  of  revolution  in  any  given  lime  I       J^^-£''        become  proportional  to 

i.e..  10  the  total  quantity  of  electricity  passed  through  the  meter. 

Friction  (.'nmpensuthin 
Then;  are  two  types  of  frictions  in  this  ampere-hour  meter. 
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Ekarittfl  Krirlinn.  The  effect  of  this  friction  is  nor- 
mally negligible  because  the  disc  and  spindle  float  in 
mercury.  Due  to  the  upward  thrust,  the  pressure  on 
bearings  is  considerably  reduced  which  results  in  free- 
dom from  wear  as  well  as  frcat  reduction  in  the  bear- 
ing friction. 

Mercury  trillion.  Since  the  disc  revolves  in  mer- 
cury, there  is  friction  between  mercury  and  the  disc, 
which  gives  rise  to  a  torque,  approximately  propor- 
tional to  the  square  of  the  speed  of  rotation.  Hence, 
this  friction  causes  the  meter  to  run  shown  on  heavy 
loads.  It  can  be  compensated  for  in  the  following  two 
ways  : 

a  cod  of  few  turns  is  wound  on  one  of  the  poles  of  the 
driving  magnet  Mz  and  the  meter  current  is  passed  through  it  in  a  suitable  direction  so  as  to 
the  increase  the  strength  of  Af«.  The  additional  driving  torque  so  produced  can  be  made  just 
sufficient  id  compensate  for  the  mercury  friction. 

in  the  other  method,  two  iron  bars  are  placed  across  the  permanent  magnets,  one  above  and 
other  one  below  the  mercury  chamber  as  shown  in  Fig.  10.62.  The  lower  bar  carries  a  small 
compensating  coil  through  which  is  passed  the  load  current.  The  local  magnetic  field  set  up 
by  this  coil  strengthens  the  Held  of  driving  magnet  M2  and  weakens  that  of  the  braking 
magnet  M,,  thereby  compensating  for  mercury  friction. 

Mercury  Meter  Modified  as  YVati-lunir  meter 


Compensating  Coil 
Fin.  1 1  Mi  J 


If  the  permanent  magnet  Af2  of  the  amp-hour  meter,  used  for  producing  the  driving  torque,  js 
replaced  by  a  wound  electromagnet  connected  across  the  supply,  the  result  is  a  watt-hour  meter.  The 
exciting  current  of  this  electromagnet  is  proportional  to  the  voltage  of  the  supply.  The  driving 
torque  is  exerted  on  the  aluminium  disc  immersed  in  the  mercury  chamber  below  which  is  placed 
this  electromagnet.  The  aluminimum  disc  has  radial  slots  cut  in  it  for  ensuring  the  radial  flow  of 
current  through  it  the  current  being  led  into  and  out  oTthis  disc  through  mercury  contacts  situated  al 
diamclcrically  opposite  points.  These  radial  slots,  moreover,  prevent  the  same  disc  being  used  for 
braking  purposes.  Braking  is  by  a  separate  aluminium  dsic  mounted  on  the  same  spindle  and  revolv- 
ing in  the  air-gap  of  a  separate  braking  magnet. 

1 11.4!*.  I  nm  monitor  Moior  MettTs 


These  meters  may  be  either  ampsre-huur  or  true  watt-hour  meters.  In  Fig.  10.63  is  shown  the 
principle  of  a  common  type  of  watt-hour  meter  known  as  Elihu-Thotnson  meter.  It  is  based  on  the 


t'Xttclncai  I  echiwlogy 


C<™pensHlin£ 
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Current  Colt 


dynamometer  principle  (An.  10.201  and  is  essentially  an  iron  less  motor  with  a  wound  armature 
having  a  commutator. 
Conslrucluiii- 

There  are  two  fixed  coils  C1  and  C%  each  consisting  of  a  Tew  turns  of  heavy  copper  strip  and 
joined  in  senes  with  each  other  and  with  Ihe  supply  circuit  sm  that  they  carry  the  main  current  in  the 

circuit  (a  shunt  Is  used  if  the  current  U  loo  heavy). 
The  field  produced  by  them  is  proportional  to  the 
current  to  he  measured.  In  this  Held.  rotates  an 
amnttture  carrying  a  number  oj  coils  which  are  con- 
nected to  the  segments  of  a  small  commutator.  The 
an  nature  coils  art  wound  on  a  former  made  of 
non-magnetic  material  and  are  connected  iJunugh 
the  brushes  and  in  series  with  a  large  resistance 
across  the  supply  lines.  The  commutator  is  made 
o\  silver  and  the  brushes  are  silver  lipped  in  order 
lo  reduce  friction.  Obviously,  the  current  passing 
through  the  armature  is  proportional  to  the  supply 
voltage. 

The  operating  torque  is  produced  due  to  the 
reaction  of  the  field  produced  by  the  fixed  coils 
and  the  armature  coils.  The  magnitude  Of  this  torque  is  proportional  to  the  product  of  the  two 


Li  Cot 
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currents  i.e.. 


where 


since 
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main  circuit  curreni 
current  in  armature  coils. 
V    -■.    Tj «  V,  -power 


Brake  torque  is  due  to  the  eddy  currents  induced  in  an  aluminium  disc  mounted  on  the  same 
spindle  and  running  ni  die  air-gaps  of  I  wo  permanent  magnets.  As  shown  in  Art,  1(1.44,  this  hrakiire 
torque  is  proportional  to  the  speed  of  the  disc  if  the  ilu.s  of  the  braking  magnet  and  the  resistance  of 
the  eddy  curreni  paths  are  assumed  constant. 

When  steady  speed  of  rotation  is  reached,  then 
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ii       ■  ■  - 

Hence,  sleudy  number  or  revolutions  in  a  given  time  is  proportional  tn  IWt  -  die  energy  in  the 
circuit. 

"The  friction  effect  ss  compensated  Tor  by  means  of  a  smalt  compensating  coil  placed  eoaxially 
with  the  two  currents  coils  and  connected  in  series  with  die  armature  such  that  i|  strengthens  the  field 
of  current  coil  Bui  its  position  is  so  adjusted  Ihai  with  »oKj  line  current  the  armature  just  fails  to 
rotate.  Such  mctcr>  are  now  employed  mainly  for  swilchboard  Use.  house  service  meters  being 
invariably  of  the  mercury  ampere-hour  type. 

10.50.  fndurtion  Type  Single-phase  Watthour  Meter 

Induction  type  meters  are,  by  far.  the  most  common  form  of  a.e,  meters  mel  with  in  every  day- 
domestic  and  industrial  installations.  These  meter%  measure  elcLirie  encrg)  in  kilo-walthours.  The 
principle  of  these  meters  is  praclieally  the  same  as  dial  of  the  induction  wattmeters.  Construction  - 
ally,  die  two  are  similar  lhat  the  cunliol  spring  and  the  pointer  of  die  watt  meter  arc  replaced,  in  the 
case  of  wmthour  meter,  by  a  brake  magnet  and  by  a  spindle  nrthe  meter. 

The  brake  magnci  induces  eddy  currents  in  the  disc  which  revolves  continuously  instead  of 
rotaung  through  only  a  fraction  of  a  revolution  as  in  the  ease  of  wattmeters. 

Construction 

Tlie  meter  consists  of  two  a,e.  electromagnets  as  shown  in  Fig,  10  64,  [at.  one  of  which  M, 
is  excited  by  the  line  current  and  is  known  as  series  magnet-  The  alternating  flux  *,  produced  by  U 
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i-.  pr. iii.gl  u  and  ii  phase  uiili  the  Un<  curreni 
(provided  effects  of  hysteresis  hiilI  iron  saiiif.iu.'ii  are 
neglected)  ~i~hc  winding  uf  the  other  magnet  M-,  called 
ihutti  magnet,  is  connected  across  the  supply  line  and 
carries  current  proportional  to  the  supply  voliage  V'.The 
ll  us  d>,  produced  by  ii  is  proportional  lo  supply  vol  Luge 
V  and  lags  behind  il  by  Wf*.  This  phase  displacement  of 
exact  yfT  is  achieved  by  adjustment  of  the  copper 
shading  band  C  (also  known  as  power  factor 
compensator)  on  die  shunt  magnet  AY,.  Major  portion 
nt  <K  crosses  the  narrow  gap  between  the  centre  and 
side  limb%  at  Af,  but  n  small  amount  which  is  the  useful 
t'luv  pusses  through  ihc  disc  D.  The  two  fluxes  <!>,  and 
d>:  induce  e.m.f.s  in  the  disc  which  further  produce  the 
circulatory  eddy  cumrnis  The  reaction  between  these 
fluxes  and  eddy  currents  produces  [he  driving  innjue  nn 
the  disc  in  a  manner  similar  in  ili.ii  explained  in  An. 
10.39.  The  braking  torque  is  produced  by  a  pair  of 
magnets  |Rg.  10,6-1  ihi]  which  are  mounted 
diametrically  opposite  to  the  magnets  Af,  and  Af,.  The 
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arrangements  minimizes  the  interaction  between  the 
fluxes  of  Af,  and  Af,.  This  arrangements  minimizes  die 
interaction  between  the  fluxes  of  A/,  and  Af-,  and  thai  of 
the  braking  magnet  When  [he  peripheral  portion  of  the  rotating  disc  passes  through  the  air-gap  of 
the  braking  magnet,  the  eddy  currents  are  induced  in  u  which  give  rise  to  the  necessary  torque  The 
braking  torque  Th  <*  SltR  where  <J>  is  the  flu* 
of  braking  mugnel.  N  the  speed  of  the  rotating 
disc  and  ft  ihc  resistance  of  ihc  eddy  cum' nt  path 
If  <t»  and  R  are  constant,  then  TB  «  S. 

The  register  mechanism  is  either  of  pointer 
type  of  cyclometer  type  In  the  former  type,  the 
pinion  on  the  rotor  shall  drives,  with  the  help  of 
a  suitable  train  ol  reduction  gears,  a  series  of  five 
or  six  pointers  rotating  nn  dials  marked  with  ten 
equal  divisions  The  gearing  between  different 
pointers  is  such  thai  each  pointer  advances  by 
l/l Oth  of  a  revolution  for  a  complete  revolution 
of  the  adjacent  pumlci  on  the  main  mtoi  di>i  in  Ihc  train  ol  gearing  as  diown  Ul  fig.  10.65. 

Theory  ■ 
As  shown  id  Art.  I0J9.  and  with  reference  to  Fig.  IU.58,  the  driving  torque  is  given  by 
*  tiyJ>,„  and       where  sin  a  &tm  and       are  the  maximum  fluxes  produced  hy  magnets  \!t  and 
a  the  angle  between  these  (luxes.  Assuming  thai  fluxes  are  proportional  lo  ihc  current,  we  have 
Current  through  the  windings  of  A/,=  /  -the  !im'  current 

Current  through  ihc  winding  of  Af.,  =  VtfoL 

a  =  90  -  §  when:  <fh  is  the  load  p.f.  angle 
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The  disc  achieves  a  steady  speed  .V  when  tlie  two  tongues  and  equal  i.e.,  when 

Tf  p  TB    ..    rY«  power  W 

Hence,  in  a  gi>en  period  of  time.  The  tola!  number  of  revolution  [  hi  jit  is  proportional  to 
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i'wjlt  i.e.,  the  electric  energy  consumed. 
So 

ll>.5l   Errors  in  Induction  Wiitthour  Meters 

1.  1'hnsc  and  speed  errors 

Because  wdinary  me  flux  due  to  shnnt  magnet  decs  not  lag  behind  the  supply  voltage  by  exactly 
90*  owing  to  the  fact  mat  the  coil  has  some  resistant-,!*,  the  torque  is  not  zero  power  factor.  This  is 
compensated  for  by  means  of  an  adjustable  shading  ring  placed  over  the  central  limb  of  the  sunt 
magnet-  That  is  why  this  shading  ring  is  known  as  power  factor  compensator. 

An  error  in  the  speed  of  the  meter,  when  tested  on  a  nun-inductive  Soad,  can  be  eliminated  by 
correct!  y  adjusting  the  position  of  the  brake  magnet.  Movement  of  the  poles  of  the  braking  magnet 
towards  the  centre  of  (he  disc  reduces  the  braking  torque  and  vice-verm. 

The  supply  voltage,  the  full  6cad  current  and  the  correct  number  of  revolution!!  per  kilowatlhour 
are  indicated  nn  the  name  plate  of  the  meter. 

2.  Friction  compensation  and  creeping  error 

Friciional  fortes  at  the  rotor  bearings  and  in  the  register  mechanism  gives  rise  m  unwanted 
braking  torque  on  tbe  disc  rotor.  This  can  be  reduced  to  an  unimportant  level  by  making  the  ratio  of 
the  shunt  magnet  flux  and  series  magnet  flux  *,  large  with  the  help  of  two  shading  bands.  These 
bands  embrace  the  flux  contained  in  the  two  outer  limbs  of  the  shunt  magnet  and  so  eddy  currents  are 
induced  in  them  which  cause  phase  displacement  between  the  enclosed  (lux  and  the  main -gap  flsijL. 
As  result  of  this,  a  small  driving  torque  is  exerted  on  the  disc  rotor  soley  by  the  pressure  coil  and 
independent  of  the  main  driving  torque.  The  amount  of  this  corrective  torque  is  adjusted  by  the 
variation  of  the  position  of  the  two  bandi,  so  as  to  exacdy  compensate  for  rirctional  torque  in  the 
instrument.  Correctness  of  friction  compensation  is  achieved  when  the  rotor  does  not  run  en  no-load 
with  only  the  supply  voltage  connected. 

By  'creeping'  is  meant  the  slow  but  continuous  rotation  of  (he  rotor  when  only  the  pressure 
coils  are  en  cited  but  with  no  current  flowing  in  the  circuit.  It  may  be  caused  due  to  various  factors 
like  incorrect  friction  compensation,  to  vibration,  to  stray  magnetic  fields  or  due  to  the  voltage 
supply  being  is  excess  of  the  normal.  In  order  to  prevent  creeping  on  no-load,  two  holes  are  drilled 
in  the  disc  on  a  diameter  i.e.,  on  the  opposite  sides  el  tbe  spindle. 

This  causes  sufficient  distortion  of  the  field  to  prevent  rotation  when  one  of  the  holes  comes 
under  one  of  the  poles  of  the  sunt  magnet. 

3.  Emirs  due  la  temperature  variations 

The  errors  due  to  temperature  variations  of  die  instruments  are  usually  small,  because  the  vari- 
ous effects  produced  tend  to  neutralise  one  another. 

Example  10,27.  An  ampere-ham  merer,  vahhntied  at  210  V.  Is  used  on  230  V  circuit  and 
null'  ufr.v  .i  amsumptttin  "t  73<>  utw.\  w  o  <  mam  period.  What  is  the  actual  energy  supplied 

If  tilt*  pcriml  faf  ftckimcd  its  200  hnu>%  «  hot  is  the  average  rtiltte  of  the  ettrrerit  r 

(Elect.  Tcdundnj-i,  Itkul  Univ  I987i 

Snlmitm.  As  explained  in  Art-  10.42.  ampere -hour  meters  are  calibrated  to  read  direcdy  in 
mWh  at  the  declared  voltage.  Obviously,  their  readings  would  be  incorrect  when  used  on  any  other 
voltage 

Reading  on  21  CI  volt  =  73(1  kWh 

Reading  on  230  volt  p  730  x  230/2  J 0  ■  HCKI  k\\  h  mppn h\. i 
Average  current  -  800.000/230  x  200  =  17  A  \ 
Example  111.28.  In  a  test  run  of  .10  mm.  duration  with  a  constant  current  nj  5  A,  metcuiy-moior 
.tntp-hoio  mcui.  wm  [moid  to  register  0.5  i  kWh.  If  the  meter  is  tu  be  used  in  n  20(1-  V  circuit,  find  itx 
error  ami  Male  whether  it  t.t  nummu  la\t  or  slow    t(,n\  ran  the  instrument  lv  adjusted  to  reail 
,■/><  <  tt\  7  (Elect.  Mean  Inst,  and  Mean..  Jiiriuvpur  Ihtiv.  19K5> 

Suliiilcm,       Ah  passed  in  30  minutes  =  5  x  1/2  =  2.5 

Assumed  voltage  =  0.51  x  1000/2.5  =  204  V 
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When  used  on  200-V  supply,  it  would  obviously  show  higher  values  because  actual  voltage  is 
less  uian  the  assumed  voltage.  It  would  be  fast  by  4  x  100/200  =  2*% 

I'.Mimpli'  1(1.29.  An  mnp-hour  meter  is  eulihrated  to  read  kWfi  mi  ,t  220- V  suppir  tn  <m,  y.iti 
\ij  die  near  train  from  the  rotor  tu  (lit  first  etmitinn  din!,  there  is  a  pinion  drtvm<c  a  75-itiuth  wheel. 
Calculate  lliL  number  of teeth  ••><  a  Vtktei  which  ft  required  to  replace  75-ttioth  wheel,  in  "idc>  n> 
rentier  the  tnehi  suituhic  far  opervtbm  on  2S0-V supph 

So! u i inn.  An  amp-hour  meter,  which  is  calibrated  on  220-  V  supply  would  run  fsusi  when  opcr- 
ated  on  250- V  supply  in  the  ratio  250/220  or  25/22.  Hence,  to  neutralize  the  effect  of  increased 
voltage,  the  number  or  teeth  In  the  wheel  should  be  reduced  by  the  same  ratio, 

.-.   Teeth  sin  iht  new  wheel  =  75  x  22/75  = 

f'\yiu|>k  1(1. Mi.  A  'in  nr.  •\limr  vnnstnu!  is  tttMl  revolutions  perkWh,  makes  five  revolution  m 
20setomL\   Culnthsr,  the  toaJ  in  kW  (Klcrt.  M»is.  und  Mess,  Inst.  Cnlnnit  I  :nlv,  I'Wti 

Snluiin.il,  Time  taken  to  make  600  revolution  is  =  600  x  20/5  =  2,400  second 

During  this  time,  the  load  consumes  I  ItWh  of  energy.  If  W  is  load  in  kW.  then 
Wx  (2400/60)  x  60  =  1    or    IV  =  1.5  k\\ 

I  sample  I ((.31.  A  etirren!  t/fd  Afinws  fbr  -VJ  nrnmhn  throut>h  ■  220  1'  ampen-  hour  meter.  It 
during  a  h:\t  the  initial  and  final  rending  on  the  meter  are  J  5J  mid  4  WkWh  mpri-rn  eh.  <  ah  mule 
tl\r  ii ii-fr i  emir  its  a  \h>>\  enrage  ot  tin  meter  readings 

If  during  lit''  ''"-T  Ml  \piihl!e  makt'<  4H0  revolutions,  eaicutate  the  testing  t  oitslnnf  t.\  i  MtfiOMfc 
rrv  and  revA\Wl\ 

Stfaffen,  Energy  actually  consumed  =  6* (f(j ) x        =  044 kWfl 

Energy  as  registered  by  meter  =  4.00  -  3.53  -  0.47  kWh 

Error  -  0.47  -  0.44  -  0.03  kWh  ;  %  error  ^  0,03  x  1 00/0.47  a  6. 38  % 

Mi...  of  coulombs  passed  through  in  20  minutes  =  6  x  20  x  7,2000  coulomb 

Testing  for  480  revolutions,  rmly  0.44  kWh  are  consumed,  hence  testing  constant  -  480/0.44  * 
IMI  rvv/kWh 

I  \itmpli'  10.32.  A  2.W-V.  Miixtt'-plime  dome\tic  pMffgf  meter  tun  tt  <  ntittttnt  laud  ttf  4  A 
pusunv  ihift'Klt  It  for  ft  futur%  at  mmmv  powrt  (m  /<»■  tt  the  metei  diu  nude\  22t>ft  'evotutinnv during 
ttitx  \ierjod.  what  ft  tlii  metei  are  !4~?2  when  oprruting  tit  2iV  V und  5  V  for  4  hum  i 

(Hlen,  Measure.  A.M. I.E.  Stf  B.  f^u|  i 

snhiinpn  Energy  otwsumpnon  in  6  hr=  230  X  4  x  I  x  6  =  5520  W  =  5.52  kW 

Meier  constant  ~  2208/5,52  =  400  rev/kWh, 

Now.  1472  revolution  represents  energy  consumption  of  1 472/400  =  3,68  kWh 

A    V7  cos  <f  x  hours  =  J.6B  x  Wta   or   2H0  x  5  x  cos  $  x  4  =  3680,    .*.    cos  ,-.  -  U.H 

Kxamplf  IKJ3.  A  2  Mi  V,  single -phase  domestie  eneiv\  meter  lutis  a  constant  load  of  -I  .1 
jHts  vjfiif  tluuiu'Ji  it  lorfi  hows  at  unity  powei  fitctw  lj  die  matnr  dim  •  makes  220ft  revolution  duroi\- 
thii  peninl.  mma  it  ihr  rorixtant  tn  rev  kWh  '  Calculate  the  power )aeior  oj  tin  Iwtf  if  rAi  \a  0}  rev 
made  In  the  meter  art  14~2  when  opeernnnt;  at  2M>  V  mid  *>  A  fur  4  lumr\ 

(MMCt  Measuring  WWW.  Set  Winltr  1991) 

SuJuliun  Energy  supplied  al  uni(y  p.f.  *  230  x  4  x  6  x  1/JOW  =  5.52 
230  x  5  x  4  x  cos  ifc/2000  =  3.68    .-.    cos  $  «  O.K. 

L\iimplc  HL34.  lite  te&tmg  ctmstam  of  a  \upp{y  meter  of  r/,,  ,ii<tp-Uimi  n/n  i.\  vivcn  r;M 
roidnmh'ii  .<<littinn,  hi* found  that  \ufli  it  Mi  j.  •n-irntoj  VMr  the  spindle  makes  ISJ  rrvoluiums 
in  .<  minute**  Caieutatp  the  factor  by  which  .,  .  mP  nMnnn  of  the  metei  MMM  he  multiplnd  tu  ipW 
the  t  ottMimplto't  (Oly  and  Guilds,  Londtm) 

sr,)iiii..n  Couloinbs  supplied  in  3  rain.  =  50  x  3  x  60 

Al  the  rate  of  60  C/rev.f  die  conrect  of  revolution  should  have  been 

-  50x3x60/60=  150 


■JIM*  IJectrieat  I'eiitnnhtfty 

Registered  No,  of  revolutions  -  153 

Obviously,  the  meter  is  fact.  The  registered  readings  sbould  be  multiplied  by  15(1/153  =  !>.9Kn4 
Tor  correction. 

Ivvumplr  HU5.  A  vi/i,t;<i  nltoir  kWiir  meter  mukc\  JSI00  revolution*  per  kWh  ti  is  found  on 
testing  a\  making  4ft  molutions  in  ^A  /  second*  at  ,s  kW  full  hod.  Find  out  the prr,rntngn  emir 

iKlcirL  Measurement  &  Measuring  Instrument  Nngpur  LlnJv.  IW.W 
'Vhc  :ui?iih,-.-,- !-.A,,lurtons  ike  metei  a  ill  ni.ikc1  in  one  houi  on  testsnu  =  -Id  •  .>'»'. 11 V 

58.1  =2478  5 

f'lu'v.e  revDlutrom  L-om."»pi»niJ  m  :in  encrji:  ■>•  "  k  f>  xWh 
,*(    No.  of  revolutions  kWh  =  2478.5/5  =  495.7 
Percentage  error  =  (500  -  495.71  x  ]  00/500  =».M  % 

i  \anipk'  HL36.  ,4m  i.Ti*  ct'i  meter  n  designed  to  nnike  101)  revolution  ■>/  f/jr  f/i*  />»  rwf  urifr  i  V 
rFicrm'.  f  '»A//<'  .'''t  ntutdtei  of  revolutions  made  by  it  when  i  onnetted  to  u  toad  taming  -id  A  ill 
2  li\A  miif  i)  ■(  nun  ,■>  (lu  Uir  fur  mi  hour  If  it  ai  tually  makes  360  revtdulions,  find  the  perri'iituifr 
rmf.  lElctl.        - 1  Nugpur  l"»iv.  iWi 

SohlttOR.  Energy  cunsurned  in  one  hnur  =  230  x  40  x  0.4  x  |/]0O0  *  3,68  kWh 

No,  uf  revolutions  the  incler  should  make  if  it  is  correct  «*  3,68  x  100  =  3fi8 

No.  of  revolutions  actually  made  =  360 

Percentage  error  =  (369  -  360)  x  100/368  =  2.H  % 

ks.implc  I  ll_*7.  Thr  runsiani  of  a  25  amfh'rr.  220-V  meter  it  $IH*  ni/f  IVVt  f  tun  tig  u  wo  m 
full  loud  <>J  4  40t)  wtiu,  the  ./(>(  MttAft  o  S0  innluiums  in  K3  senmdi.  I  'oh  iihie  llir  meter  i  .■ 

Sntution.  [n  one  hour,  at  full-load  live  meter  should  make  (4400  *  1)  x  500/1000  -  2200 
revolutions.  This  corresponds  to  u  speed  of  2200/tiU  -  36.7  r.p.m. 

Correct  Lime  for  .50  rev.  =  (50  x  60V36.7  =  SI. 7s 
Hence,  meter  is  slow  by  83  —  S  t. 7  =  1 .3  s 
.-.    Pereemage  error  =  1 .3  x  100/81 .7  -  LSl> 

ExAmplu  IPJS.  A  16  A  iimp-iuntr  meter  with  a  dial  marked  til  kWh,  luis  an  vnomj  4  . 
wlirn  tiM.d  <m  250-V  t  irvuit.  Find  thr  pp%4Mtig/>  error  in  the  refjiMruJwn  pf  die  meter  if  it  is  inn- 
na  tcd  tnr  an  himr  in  vrn'n  with  a  load  taking      kW  at  2~tH) 

Solulioii.  In  one  hour,  liie  reading  given  by  the  meter  is  ^  16  x  250/1  GOO  ~  4  kWh 

pOcreel  reading  =  4  +  2.5  %  of  4  =  4.1  kWh 

Meter  current  on  a  3.2  kW  load  ol  200  V  =  3200/200  =  1 6  A 

Since  on  the  give  load,  meter  current  is  the  same  as  the  normal  current  of  the  meter,  hence  in  one 
hour  it  would  give  a  corrected  reading  of  4. 1  kWh 

But  actual  load  is  3.2  kWli.    .-.    Error  =  4. 1  -  3.2  =  0  9  kWh 
%ermr  =  0.9x  100/3.2  =  2«.12  «t 

llvmiiple  Tlit  din  c/fan  energy  mftci  m,ikt'\  600  rewlinwus  no  unit  vj  envrgv.  " 

I  /0M  win  Irxid  U  ttnmceted.  dw  disc  rotates  at  10.2  r.p.s  ij  die  tomt  ts  iM  for  12  hours.  fk>n  tnanv 
units  arc  recorded «i  crrvr  *  lMi.ii.surs.  Iiistm.  Alluhaliad  l!ni\.  11J*I2> 

Si thi lii i a.  Since  kiad  power  is  one  kWh,  energy  acroaily  consumed  is 

=  I  x  12  =  \2  kWh 
Total  number  of  revolutions  made  by  the  disc  during  the  period  of  1 2  hours 

o  10.2  x  60  x  12  =7,344 
since  600  revolutions  record  one  kWb.  energy  recorded  by  the  meter  b 

=  7,344/6v^=:  1.224  kWh 
Hence,  (1.24  unit  is  rueorded  extra. 
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Ixampk  HK4U.  \  d .  umjiere-lwur  wirn\  rutt-di-.t       250-1'  I  he  dn  tared  eonstani  i*  *  A 
Vvi    fc'f/uv.v*  //ro  <-<>nMo»l  "i  rn'AIH  /l/<.f>  laktdote  the  tuli  loud  speed  of  the  meter. 

(IJt'LL  Meas.  Insl.  ami  Mnu..  Jndutuur  L'niv.  t9X7» 
Solution,       Meter  constant  =  5  A-s/rev 
Now.  I  kWh  =  10'  Wh  =  I0l  x  3600  volt-second 

=  36  x  1Q1  voll  x  amp  *  seennd 
=  36  x  105  volt  x  amp  x  second 
Hence,  an  a  250- V  circuit,  this  corresponds  to  36  x  10^250  =  14.400  A  s 
Since  for  every  5  A-s.  there  is  one  revolution,  the  number  of  revolution  is  one  kWh  is 

-  14.400/5  -  2.S8G  revolutions 
Meier  constant  -  2.H00  rrt/k\Vh 

Since  lull-load  meter  current  is  5  A  and  us  constant  is  5  A-s/rev.  n  is  oh  nous  Lhai  n  makes  one 
revolution  every  second 

full  load  speed  =  60  r.p.in 

F.xainpU-  10.41.  The  deelttred  lonslon)  of  o  5-A.  2(Ki  \  oiup  hour  meter  i.i  *  enulomh  pet 
revittutum   Erpresi  the  ennsrant  in  rrvAWh  and  calculate  the  futt-taod  speed  of  tin  meter. 

tn  n  fe.it  at  half  Until,  the  meter  dite  eompleled  Ml  revolutions  to  1 1*)-*  yrcomh  Catndutt  the 
meter  emu 

Solution.       Meter  constant  =  5  C/rev,  or  5  A-s/rev. 

I  kWh  1000  Wh  -  1000  x  3600  watt-second 

-  1000  x  260(1  vol!  x  amp  x  second 
Hence,  on  a  200- V  circuit,  this  corresponds  to 

-  100  x  3600/200  -  1 8,000  A-s 

Since  lur  even,  5  A-s.  there  is  one  revolution,  hence  nuniher  of  revolution  is  one  kW'li  =  ]  8.I.MM.V 
5  =  36O0  revolution     .'.    Meier,  constant  =  3600  ri>v/kVVh 

Since  full-load  meter  current  Is  5  A  and  Its  constant  5  A-s/rev,  It  is  obvious  that  it  makes  one 
revolution  every  one  second. 

its  lull-load  speed  =  AO  r.p.m 

W  half-toad 

Quantity  passed  in  MJ  revolutions  =  1 19.5  x  2.5  A-s  Or  298.75  C 
Correct  No,  of  revolutions  =  298.75/5  =  69.75 
Obviously  the  meter  is  running  fosi  because  instead  of  milking  59.75  revolutions,  il  is  making 
60  revolutions.  , 

Error  =  60-59.75  =  0.25  .-.  %  error  =  0.25  k  100/59.75  =  0.4 IS  rr 
I'.xampU-  10.42.  mi.   1  imstU  phuie  energy  meter  iff  the  ouhntiun  type  t'.i  rated  230-V:  10  A. 
>U-H:  and  <ta\  D  meter  emistant  of 6(H)  trvrlcWh  whrn  correctly  tut  justed.  If'uuudrviure'  attjusmeni 
is  dixhth  disturbed  so  Hint  the  tax  is        euteuiute  the  pcrcenhit'i'  error  til  iull-toud  </  X  p.)  fa^. 

iMea.su  &  Irtstru.  Nagpur  L.itiv  19V 1 1 
Solution.  As  seen  from  Art.  10.50,  the  driving  torque,  7",,  depends  among  other  factors,  on 
sin  u  'a  here  o  is  the  uncle  between  ihe  tw-o  alternating  fluxes.    .'.     Td  <*  sin  a 

!l  the  voltage  flux- legging  adjustment  u  disturbed  so  that  the  phase  ancle  between  ihe  voltage 
flu.v  and  the  voltage  is  less  than  90*  (instead  of  being  exactly  90"l  the  error  is  introduced. 
Now  cos  0=0.8    0  =  cos"1  10.81  =  36°52' 

ct  =  85"  -  36"52'  ^4S°8'  where  il  should  he  =  90-  3fi"S2' =  53°8' 


-102  litet  trual  Teekmiltw 

I-  VHinplf  10.42  Int.  A  5rM,  2.tO-\'  enrri;\  mcit'r  ri  a  tutl-tixttt  tru  mulrs  6t  tfit>iuitt>n\  m 
.17  wwis  If  lilt  tutrnwt  y/tred  »J  the  dtm  u  520  rrvoiuluHtx/kWh.  <r(W/um  thr  prn  fitter  ni;n 

|\ae;pur  I  rnv ■Li-siti,  ISovemhcr  WW\ 

Solution.  Unity  power-factor  ii  assumed 
Energy  consumed,  in  kWh.  in  3*7  seconds 

1000  3600 

Number  of  revolutions  corresponding*  lo  this  energy  =  520  x  0. 1 182  =■  61 ,4M 
The  meter  m;ikes  fil  revolutions 

61  -61  464 


<S  Error 
1 11.52.  IlLtMLstjt  l.jhunnnittir 
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It  is  used  principally  fcf  measuring  small  electric  charges  such  as  Lhose  obtained  in  magnetic 
(lux  measurements.  Constructional! y.  it  is  similar  to  a  moving-coil  galvanometer  except  that  (rl  it 
has  extremely  small  electromagnetic  damping  and  ui)  has  long  period  of  undamped  oscillation  (sev- 
eral seconds!.  These  conditions  arc  necessary  il  the  galvanometer  is  to  measure  electric  charge.  In 
fact,  the  moment  of  inertia  of  the  coil  is  made  so  large  that  whole  of  the  charge  passes  through  ihe 
gal  vanomelcr  before  its  cod  has  had  time  tu  move  sufficiently.  In  that  case,  the  first  swing  of  the  coil 
is  proportional  lo  the  charge  passing  through  the  galvanometer.  After  this  swing  has  been  observed, 
(he  oscillating  coil  may  be  rapidly  brought  tn  rest  by  using  eddy-current  damping. 

As  explained  above,  live  coil  moves  after  the  charge  to  be  measured  has  passed  through  it. 
Obviously,  during  the  movement  of  the  coil,  there  is  no  current  flowing  ihrouglu  it.  Hence,  ihe 
equation  of  its  motion  is 

dt2  «" 

where  J  is  the  moment  of  inertia.  D  is  damping  constant  and  C  is  restoring  constant 

Since  damping  is  extremely  small,  the  approximate  solution  of  the  above  equation  is 

0  =  f/  -1^"  s\n  (tOf,  f  +  0) 
At  the  start  of  motion,  where  r  =  0,  8  =t  0.  hence  A  -  0 
During  the  passage  of  charge,  at  any 

instant,  there  will  be  a  deflecting  I  cirque  of 

Gi  acting  on  the  coil.  II  f  is  the  time  taken  by 

ihe  v.  hole  charge  lo  pass  through,  the  torque 

impulse  due  to  this  charge  is 


8  =  Ue<Dru'  sintty 
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J'  Gidl .  Now  £  j  dt    =  Q 


Hence,  torque  impulse  =  GQ.  This  must 
be  equal  lo  the  change  of  angular  momen- 
tum produced  i,e.,j<i  where  a  is  the  angular 
velocity  of  the  coil  at  the  end  of  the  impulse 

period. 

GQ  =  Ja 
or  a  =  GQU 

Differentiating  Eq.  (i)  above,  we  get 


f  -  4 


Fig.  UI.6G 


—  Jtr  sin  uy  I 
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Since  duration  of  the  passage  of  charge  is  very  small,  at  the  end  of  The  passage,  t  =  0.  so  that 
from  above,  dqidt  -  L/ta^ 

However,  al  this  time,     ^  m  ^-=1/11^    or    Q  =  ^LV 

at  J  J  G 

Now,  (/being  the  amplitude  which  the  oscillations  would  have  if  the  damping  were  zero,  it  may 
be  called  undamped  swing  80. 

Q  =  ^%    or   Q~%  t'V) 

However,  in  practice,  due  tu  the  presence  of  small  amount  nf  damping,  the  successive  oscilla- 
tions diminish  exponentially  (Fig,  10.66).  Even  the  first  swing  6,  is  much  less  than  Qfl,  Hence,  it 
becomes  necessary  to  obtain  the  value  of  9(1  from  the  observed  value  of  first  maximum  swing  6,. 

As  seen  from  Fig.  10.66,  the  successive  peak  value  U,,  8,.  BT  clc.  arc  $  radian  apart  or  0/o^1 
second  apan.  The  niliu  nf  the  amplitude  «it  am  iwit  sulll^mm:  peaks  is 

8qc "tg/"1  sin  ay   sin  ny   _  (d/i/iuw^i 

V^'  *  (ay  +  rt,  =  jam***       %f) "  e 

Let  r 1  ^  =  A:  where  A  is  called  the  damping  factor*. 

The  time  period  of  use  illation  Tti  =  Zrc/tu^..  Ifdamping  is  very  small  9(,  =  ft,,  f  =  7"r|/4  =  n/Zftj^  as 
a  very  close  approximation. 

Hence,  from  Eq.  (i)  above,  putting  f  =  KflMy.  we  have 

B  =  {"aaV  5in  n/2  =  6(IA  -  I    .-.    80  =  A  8,  ...liii ) 

or    undamped  swing  =  damping  factor  x  1st  swing 

Suppose,  a  steady  current  of  It  flowing  through  the  galvanometer  produces  a  steady  deflection 
£  ihcn  CQS  =  Gf,    or    G  =  CB,/f,f 

I   i         flnf       >  J1  4ir;  ./e.h 

Since  damping  is  smalt,  (i\,=  s/C/J         C=Ju)g=  J  x  I  yM  =  4! 

Substituting  this  value  of  G  m  Eq.  (if),  we  get 


1'  T '. 


Alternatively,  lei  quantity  (D/2/)  (n/o^>  be  called  the  logarithmic  decrement  K.  Since,  A3  = 
we  have 

A  =  ^=1*^)4.  +    3  (l  +  4)  when  \  i*  small** 

Hence,  from  Eq.  ( iv)  above,  we  have  Q  -  y  +  —J 0,  „,(y) 

In  general,  Eq,  (iv)  may  be  pul  as    =  A6, 


IkiiL--.  Ji  nijj  be  obtained  by  the  llrst  und  nUi  MiiM 

Smtr  ii*  -  I  ,  uiuig  lug.1,  M  liiive  2  lug,  A  =  X.  Ingr  r  -  A. 

>3»«  -II 


A -log. 


St  =  '       loa  6, /8    ..  A.=  — ' — loo  — 

B,  2t»-  11  "  in  -  I)  Pre. 


4<J4  HtLtncal  leihnuhtxy 

i.viiiiplt:.  Hi. -43.  1  bitlliMu  yulirtnr'ini-tfi  luu  u  tree  penod  i>f  I O \ci  otuk  and  rut <■  it  \tat<t\ 
dejltitton  itf  2<XI  djvisntti  nv>/i  a  itradv  i  uneni  of  (I,  t  uA  A  vh*f%t  i>/  12  i  '*  inxturitimftinxti, 
Jin  Imt )(i-J  throuitU  thf  Viihiviotiii'ir/  ifi'imij;  /f.v<  u<  a  mu.utmut\  dtiletliim  of  !(H)  djiistom  . 
Culfuhitt  thr  'i/rrrt'Mi'fiJ  of  thi  rvmliing  cirdlauani. 

lElrctrical  Mca<nircmenlsH  Hnmhav  I  iu>.  1W7) 

v.hilion.  From  Eq  n  )  of  An  11)  52.  we  have  Q=  ^  g1  ['  ♦  ^j8' 

Hcre.(?=  121  uC  =  121  *  lff^C;:?^  IQj:/,  =  0I  mA  =  If)-1  A  ;  6,  =  200  ;  6,  :=  100 

■'■    l2,Xl°^iX^(l+l)}<,a0:     A  X=M,J 


IM.53.  Whratiim  lialvanmntur 

Such  galvannmelers  an;  widely  used  a*  null-point  detectors  in  a.c  bridges 
Construction 

\\  shown  in  Fig-  Itl-fiT  Ut).  il  consists  of  a  moving  coil  suspended  between  pole*  ol'  a  strung 
permanent  magnet  The  natural  frequency  ot  oscillation  "I  the  toil  in  very  high,  this  being  achieved 
bj  the  use  uf  a  I  urge  value  of  control  cunsLiAl  and  a  moving  system  of  very  small  inertia.  The 
suspension  I  which  provides  control)  is  either  a  phosphor -hrunyx  strip  nr  is  a  bifilar  suspension  in 
which  caw  the  two  suspension  wires  carry  the  coil  and  a  small  piece  of  minor  (ur  in  some  case*  the 
two  suspension  wires  themselves  from  the  coiL) 


m 

10.67 

As  seen.  U  is  ihc  suspension,  f '  is  the  mm  ing  coil  .aid  St  the  minor  on  which  .i.s  cum  a  beam  of 
light  From  mirmr  M.  this  beam  is  deflected  on  In  a  scale.  When  alternating  current  Ls  parsed 
through  C.  an  alternating  torque  is  applied  to  it  so  ilntt  the  teflected  spot  of  light  on  the  scale  is  drawn 
out  in  iJie  fonn  of  a  band  of  light.  The  length  of  this  band  ol  light  is  maximum  if  the  natural 
frequency  of  oscillation  of  C  coincides  with  the  the  supply  frequency  due  to  resonance.  The  turning 
□f  C  may  be  done  in  the  following  two  ways  : 

(fl  by  changing  the  lenglh  of  suspension  W.  This  is  achieved  hy  raising  or  lowering  bridge 
piece  8  against  which  the  bifiiar  loop  presses 

lii)  hy  udjusung  tension  in  the  suspension  Tins  is  achieved  by  turning  the  knurled  knob  A 

By  making  the  damping  very  small,  the  resonance  curve  ol  the  galvanometer  tan  be  inadv 
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sharply -peaked  | Fig.  10.67  (fr)].  In  lhal  ease,  the  instnimenl  discriminates  stiarph  against  frequencies 
other  than  its  own  natural  frequency  In  other  words,  its  deflection  becomes  ver>  small  e^en  when 
ihe  frequency  of  ihe  applied  current  differs  by  a  very  small  amount  from  its  resonance  frequency. 
Theon 

If  the  equation  of  the  current  passing  through  the  gal  vanimieter  is  i  -  lm  sin  w,,  then  the  equation 
■  I  nii'Uim  of  the  toil  is  ! 


dr  & 


-  Gi  ■  (?L  sin  oar 


.(/I 


where  J,  D  and  C  have  die  usual  meaning  and  G  is  the  deflection  constant. 

The  complementary  functiun  uf  the  solution  represents  the  transient  modon,  which  in  die  case 
uf  vibratiun  galvanometers,  is  of  nn  practical  importance.  The  particular  integral  is  of  the  form 

6  =  A  sin  Hot  —  (Jl 

when:  A  and  ip  arc  i-.msLanl. 

NoWi  db/df  st  viA  cos  uor  -  <|>)  and  -  or .4  sin  too ;  -  (3>  Substituting  these  values  in  Etj. 

iil  abov?,  we  get 

-ufJA  sin  (cm  -  01  +  mDA  cos  iov  -  01  +  CA  sin  iw  -  $1  =  G!m  sin  tiv 
It  mast  be  uue  fox  all  values  or  i 

When  uw  =  <p         DA  ia=  G  lm  sun  $  ...{it) 

When  i  M  i  -  *l  =  n/2      -to\M  +  G4  =  G  lm  cos  | 

Since  the  phase  angle  <t>  of  oscillations  is  of  no  practical  significance,  it  may  be  eliminated  by 
squaring  and  adding  Eq,  tii)  and  {Hi). 

Since  the  puhse  angle  of  oscillations  is  of  no  practical  significance,  it  may  be  eliminated  by 
squaring  and  adding  Eq.  (n)  and  (Uf) 


ur  A 


G  !.. 


<J\D2<i>'  +  <C-(0;  J)2] 

This  represents  the  amplnude  A  i>f  ihe  resulting  oscillation  for  a  sinusoidally  alternating  current 
of  peak  value  Jm  flowing  through  the  moving  coil  of  the  galvanometer. 

10.54.  Thr  V  Ibniling-rced  Frvquenc)  Meter 

I.     Working  Frfticlple 


&t)  ib) 
Fig.  10.68 

The  meter  depends  for  its  indication  on  the  mechanical  resonance  of  dun  flat  steel  reeds  ar- 
ranged alongside  and,  close  io,  an  electromagnet  as  shown  in  Fig.  10.68 


2.    t_o  instruction 

The  electromagnet  has  a  laminated  armature  and  its  winding,  in  series  with  a  resistance,  is 
connected  across  j.j  supply  whilst;  frequency  is  required.  In  LtiuE  respect,  live  externa!  connenelion 
of  this  meter  is  the  same  as  that  of  a  voltmeter. 

The  metallic  reeds  laboul  4  mm  wide  and  0.5  mm  thick)  are  arranged  in  a  row  and  arc  mounted 
side  by  side  un  a  common  and  slightly  flexible  base  which  also  carries  the  armature  of  the 
electromagnet.  The  upper  free  ends  of  the  reeds  are  bent  over  a  right  angles  so  as  to  serves  as  flags 

or  targets  and  enamelled  white  for  better  visibility. 
The  successive  reeds  are  not  exactly  similaj.  their 

natural  frequencies  of  vibration  differing  by  {  cycle. 

The  reeds  are  arranged  in  ascending  order  of  natural 
frequency 

3.  Working 

When  the  electromagnet  is  connected  across  the 
49  50  supply  whose  frequency  is  to  be  measured,  its  mag- 

netism alternates  with  the  same  frequency.  Hence 
die  electromagnet  exerts  attracting  force  on  each  reed 
once  every  half  cycle.  All  reeds  tend  to  vibrate  but 
only  that  whose  natural  frequency  is  exactly  double 
the  supply  frequency  vibrates  with  maximum  ampli- 
tude due  to  mechanical  resonance  |Fig  Ifl.fty  (a)]. 
The  supply  frequency  is  read  directly  by  noting  the 
scale  marls  opposite  the  white  painted  Hag  which  is 
vibrating  the  most  (f  =  50  Hz)  The  vibrations  of 
other  reeds  would  be  bo  small  as  to  be  almost  unob- 
servable  For  a  frequency  exactly  midway  between 
ihc  natural  frequencies  of  the  two  reeds  [f  =  49.75 
H/>.  berth  will  vibrate  with  amplitudes  which  are  equal  bm  much  less  than  when  the  supply  fre- 
quency exactly  coincides  with  that  of  the  reeds. 

■I.  Rani!* 

Such  meters  have  a  small  range  usually  from  47  to  53  Hz  or  from  57  to  63  Hz  etc 
The  frequency  range  of  a  given  set  of  reeds  may  be  doubled  by  polarising  the  electromagnets  as 
explained  bekiw.  As  seen  from  above  description,  each  reeds  is  atumcied  iwiee  per  cycle  of  the 
supply  Lt„  once  every  half-cycle  and  the  reeds  whose  natural  frequency  is  twice  that  of  the  current 
is  of  the  one  which  responds  most.  Suppose  the  electromagnet  carries  an  additional  winding  carry- 
ing direct  current  whose  steady  flux  is  equal  in  magnitude  lo  the  alternating  flux  of  the  ax.  winding. 
The  resultant  flux  would  be  zero  in  one  half-cycle  and  double  in  the  other  half-cycle  when  the  two 
BOM*  reinforce  each  other  so  that  the  reeds  would  receive  one  impulse  per  cycle  Obviously,  a  reed 
will  indicate  the  frequency  of  the  supply  if  the  electromagnet  is  polarised  and  half  the  supply  fre- 
quency if  it  is  unpolarised.  The  polarisation  may  be  achieved  by  using  an  extra  d.c.  winding  on  the 
electromagnet  or  by  using  a  permanent  tangent  which  is  ihcn  wound  with  an  a.c.  winding. 

5.     \d  Mintages 

One  great  advantage  of  this  reed-type  meter  is  that  its  indications  are  independent  of  the  wave- 
form of  the  applied  voltage  and  of  die  magnitude  of  the  voltage,  except  that  die  voltage  should  be 
high  enough  to  provide  sufficient  amplitude  for  reed  vibration  so  as  lo  make  its  readings  reliable. 

However,  its  limitations  are  : 

(a)  it  cannot  read  closer  than  half  the  frequency  difference  between  adjacent  reeds. 

(b)  its  error  is  dependent  upon  the  accuracy  with  which  reeds  can  be  turned  to  a  given  frequency 
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111.55.  l.kTtnuh  immk  hrequency  Meter 

It  is  also  referred  to  as  moving-coil  frequency  meter  and  is  3  raiiometer  type  of  instrument. 
I.    Working  Priiuiplr 

The  working  principle  may  be  understood  from  Fig.  10.70  which  shows  two  moving  coils  ngidJy 
fUed  together  with  their  planes  at  right  angles  to  each  other  and  mounted  on  the  shaft  or  spindle 
situated  in  the  field  o!  a  permanent  magnet,  There  is  no 
mechanical  control  torque  acting  on  the  two  coils.  If  G, 
and  G,  are  displace  mem  ontsi  jilts  0!'  the  two  cutis  and  lt 
and  7,  arc  the  two  currents,  then  their  respective  torques 
are  7",  =  G,  /(  cosfl  7*t  =  G,  I- sm  B  These-  torques  act  in 

the  opposite  directions. 

Obviously,  7  Jet  reascs  with  9  where  a^  T2  increases 
but  an  equilibrium  position  is  possible  for  same  angle  « 
for  which 


G.  /.  cos  9  = 


G,  h  6 


■.  ir 


G,  r, 

tan  9  = 


By  modifying  the  shape  of  pole  faces  and  the  angle  between  the  planes  of  the  two  cutis,  the  ratio 
///;  is  made  proportional  to  angle  8  instead  of  tgu  9-  In  that  case,  for  equilibrium  9  *  lfll2 
2.  Construction 

The  circuit  connections  an?  shown  in  Fig..  10,7 1 .  The  two  intiometer  coils  X  and  Y  are  connected 
across  the  supply  lines  through  their  respective  bridge  rectifiers.  The  direct  current  /,  through 
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coil  X  represents  the  R  M  S,  value  of  capacitor  current  7(  as  rectified  by  Br  Similarly ,  direct  current 
I-,  flowing  through  Y  is  the  rectified  current  lK  passing  through  series  resistance  R. 
3.  Working 

When  the  meter  is  connected  across  supply  lines,  rectified  currents  /  ,  and  L  pass  through  coils 
X  and  Y  they  come  to  rest  at  an  angular  position  where  their  torques  are  equal  but  opposite.  This 
angular  position  is  dependent  on  the  supply  frequency  which  is  read  by  a  pointer  attached  to  the  coil. 

As  proved  above.  9  «  /|//, 

Assuming  sinusoidal  waveform,  mean  values  of  7,  arid  /_,  are  proportional  to  the  R.MS,  values 
□f  1^  and  1^  respectively. 

L 


Abo  lc  «  Vm  ta  C  and  lk  ~  VJR 


where  Vm  is  the  maximum  value  of  the  supply  voltage  whose  equation  is  assumed  as  v  =  Vm  sin  tsit. 

V„toC 

 M_  


it 


y  'ft 


k  en  CR  ™  u) 
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Obviously,  such  meters  have  linear  frequency  scales.  Moreover,  since  their  reading*  ore  ini.it> 
pendent  of  voltage,  ihey  can  be.  used  over  a  fairly  wide  range  of  voltage  although  at  km  low  vulLages, 
i!kj  distortions  introduced  by  rectifier  prevent  an  accurate  indication  of  frequency. 

II  w  ill  he  seen  that  the  range  of  frequency  covered  by  the  meter  depends  on  the  valucc  of  R  and 
C  and  these  may  be  chosen  to  get  ranges  of  40-60  Hz,  'boO-ZOOO  Hz  or  BfJOO-  12.000  Hz. 

Ut.SU.  ,\li)vi»u-ii(Hi  I  requeue)  Mi'li-r 

1.  Working  IViuciple 

The  action  of  this  meter  depends  on  the  variation  in  current  drawn  by  two  parallel  circuits  -  one 
inductive  and  the  other  non-inductive — when  the  frequency  changes. 

2.  Const  mc I  ion 

The  construction  and  Internal  connections  are  shown  in  Pig.  10.72. 
The  two  coils  A  and  B  are  so  fixed  thai  their  magnetic  axes  arc  per- 
pendicular to  each  other.  At  their  centres  is  pivoted  a  long  and  thin 
soft-iron  needle  which  aligns  itself  along  the  resultant  magnetic  field 
ot  the  two  coils.  There  is  no  control  device  used  in  the  instrument 

li  will  be  noted  thai  the  various  circuit  elements  const ilule  a  Wheat- 
slone  bridge  which  becomes  balanced  at  the  supply  frequency.  Coil 
A  has  a  resistance  in  series  with  it  and  a  reactance  LA  in  parallcl- 
Similariy  Rg  is  in  series  with  coil  B  and  LB  is  In  parallel.  The  series 
inductance  .'.  helps  to  suppress  higher  harmonics  in  the  curreni  wave- 
form and  hence,  tends  to  minimize  the  waveform  errors  in  the  indica- 
tion of  die  instrument, 

J.  Working 

On  connecting  the  instrument  across  ihc  supply,  currents  pass 
through  coils  A  and  0  and  produce  opposing  torques.  When  supply 
frequency  is  high,  currents  through  coil  A  is  more  whereas  that  through 
coil  H  is  less  due  in  the  increase  in  the  reactance  offered  by  La.  Hence, 

magnetic  Held  of  coiJ  A  is  stronger  than  that  of  coil  8.  Consequently,  the  iron  needle  lies  more  nearly 
to  the  magnetic  axis  of  coil  A  than  lo  thai  of  B.  For  low  frequencies,  coil  B  draws  more  current  than 
coil  A  and,  hence,  the  needle  lies  more  nearly  parallel  to  the  magnetic  axis  of  8  than  to  that  of  coil  A. 
The  variations  of  frequency  are  followed  by  the  needle  as  explained  above. 

The  instrument  can  be  designed  to  cover  a  broad  or  narrow  range  of  frequencies  determined  by 
the  parameters  of  the  circuit. 
10.57.    Eleclrodvnumic  Power  Kuctur  Meter 

1.  Working  Prindpk 

The  instrument  is  based  on  the  dynamometer  prin- 
ciple with  spring  control  removed. 

2.  <  oitsii nctiiui 

As  shown  in  Fig.  10.73  and  10.74,  the  instrument 
has  a  stationary  coil  which  is  divided  mm  two  sections 
F]  and  Fj,  Being  connected  in  series  with  the  supply 
Line,  it  carries  die  load  current.  Obviously,  the  uniform 
field  produced  by  h\  and  f",  is  proportional  to  the  line 
current.  In  this  field  are  situated  two  moving  coils  C,  % 
and  Cj  rigidly  attached  to  each  other  and  mounted  on 
the  some  shaft  or  spindle.  The  two  moving  coils  are 
'voltage*  coils  but  C,  has  u  scries  resistance  ft  whereas 
C,  has  ii  series  inductance  L  The  values  uf  R  and  L  as 
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*ell  j>  turns  nn  t ",  und  C%  arc  so  adjusted  that  the  ampere-tums  of  Ci  and  C2  arc  esactly  equal. 
However,  Vt  is  in  phase  with  the  supply  voltage  V  whereas  h  lags  behind  V  by  nearly  °0".  -V- 
mentioned  earlier,  there  is  nu  control  torque  acting,     C,  and  C7  -  the  currents  being  led  into  ihem 
hy  fine  ligaments  which  exerts  no  control  torque. 
3-  \*»urkint: 

Consider  trie  case  when  loud  power  factor  is  unity  i.e.  V  is  in  phase  with  V.  Then  /,  is  in  phase 
with  /  whereas  /,  lugs  behind  hy  90c.  Consequently,  a  torque  will  ucl  on  C,  which  will  set  its  plane 
perpendicular  to  the  common  magnetic  axis  til"  coils  and  i.e.  corresponding  to  the  pointer 
position  of  unity  p.f.  However,  there  will  be  no  torque  acting  on  coil  C\. 

Now.  consider  the  case  when  toad  power  factor  is  zero  i.e  /  lags  behind  V  by  90"  (like  currcm 
l2).  In  that  case,  /:  will  be  in  phase  with  /  where*  i,  will  he  90r  out  nf  phase  As  a  result,  there  will 
be  no  tnruqc  on  C,  hut  that  acting  on  <~2  will  bring  its  plane  perpendicular  (o  the  common  magnetic 
asis  of  f|  and  F2  For  intermediate  values  of  power  1'acior.  the  deflection  of  the  pointer  corresponds 
to  the  load  power  factor  angle  $  or  to  cos  0.  if  the  instrument  has  been  calibrated  to  read  in  power 
f actor  three ly. 

For  reliable  readings,  the  instrument  has  to  be  calibrated  at  the  frequency  of  the  supply  on  which 
It  is  to  be  used.  At  any  other  frequency  lor  when  hurmtinics  are  present),  the  reactnee  of  L  will 
change  so  that  the  magnitude  and  phase  of  current  through  C:  will  he  incorrect  and  that  will  lend  to 
sennas  errors  in  the  instrument  readings. 
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For  use  on  balanced  3-phase  load,  the  instrument  is  modified,  so  as  to  have  t~,  and  C,  at  120°  to 
each  "ilvi  instead  "i  oi)  i'i  l-phase  supply  \<  -howii  in  1  i:j  Id  r  f  .ihd  <  ale  connected 
across  two  different  phase  of  the  supply  circuit,  the  stationary  coils  F ,  and  F-.  being  connected  in 
series  with  the  third  phase  I  so  that  il  carries  the  line  current  I.  Since  there  is  no  need  til"  phase  splitting 
between  die  currents  of  C,  and  t  ,.  /,  and  7T  ire  not  determined  by  the  phase- splitting  circuit  and 
consequently,  the  instrument  is  not  affected  by  variations  in  frequency  or  waveform. 

tll-5K,  Mnviiig-irun  I'nwer  Factur  Meter 

I,    I  tjnsl ruction 

One  type  of  ptiwer  factor  meter  suitable  for  ?-phase  balanced  circuits  is  shown  in  Pig  10. 7fi.  It 
consists  of  three  fixed  coils  R.  Kand  B  with  axes  mutually  at  120*  and  intersecting  on  die  centre  line 
of  the  instrument.  These  coils  are  connected  respectively  in  R,  Y  and  8  lines  of  the  3-phase  supply 
through  current  transformers  When  so  energised,  the  three  coils  produce  a  synchronously  rotating 
Hlu\ 


41(1  Htctricni  Teehmttu^y 

There  is  a  fixed  coil  B  at  the  centre  of  three  fixed  coils  and  is  connected  in  series  with  a  high 
resistance  across  one  of  the  pair  of  lines,  say,  across  R  and  ¥  Lines  as  shown.  Coil  B  is  threaded  by 
the  instrument  spindle  which  carries  an  iron  cylinder  C  ]  Fig.  10.76  ihi]  to  which  arc  fixed  sector- 
shaped  iron  vanes  Vl  and  V2.  The  same  spindle  also  carries  damping  vanes  and  pointer  <not 
shown  in  the  figure)  but  rhere  are  no  cowrol  springs.  The  moving  system  is  shown  separately  in 
Fig,  10.76  :bl 

2.  Working 

J  Uc  alternating  ilux  produced  by  coil  B  interacts  with  the  fluxes  produced  by  the  three  currcnl 
coils  and  causes  the  moving  system  to  take  up  a  position  determined  by  the  power  factor  angle  of  the 
load.  However,  the  instrument  is  calibrated  to  read  the  power  factor  cos  *  directly  instead  of  <t>.  In 
other  words,  the  angular  dclfection  0  of  the  iron  vanes  from  the  line  \1  N  in  Fig.  1 0.76  (ti\  is  equal  to 
the  phase  angle  4>. 

Because  of  the  rotating  field  produced  by  coils  /?,  Y  and  B,  there  is  a  slight  induction-motor 
action  which  tends  to  continuously  turn  the  moving  iron  in  the  direcuoin  ol  the  routing  flux.  Hence. 
ii  becomes  essential  to  so  design  the  moving  iron  as  to  make  this  torque  negligibly  small  i.e.  by  using 
high-resistance  metal  for  the  moving  iron  in  order  to  reduce  eddy  currents  in  it. 


la!  (b) 

Fin. 


3.    Merits  and  Demerits 

Moving  iron  p.f.  meters  are  more  commonly  used  as  compared  to  the  electrodynamic  type 
because 

(/)  they  are  robust  and  comparatively  cheap  (ii)  they  have  scales  upio  3bO'J  and 

i  j j  i  in  their  case,  all  coils  being  fixed,  there  are  no  electrical  connections  to  the  moving  parts. 

On  the  other  hand,  they  are  not  as  accurate  as  the  electrodynamic  type  of  instruments  and, 

moreover,  suffer  from  errros  introduced  by  the  hysteresis  and  eddy-currenl  losses  in  the  iron  part-v- 

tbese  losses  varying  with  load  and  frequency. 

III.5V.  N  alder- t.ipmun  Moving-irnn  Power  Factor  Meter 
I .  Construction 

The  moving  system  of  this  instrument  (Fig.  I(),77(  consists  of  three  iron  elements  similar  to  the 
one  shown  in  Fig.  10.76  \  h\  They  are  all  mounted  on  a  common  shaft  one  above  (he  other,  and  are 
separated  from  one  another  by  n on -magnetic  distance  pieces  Z>,  and  D2  The  three  pairs  of  sectors 
are  displaced  in  space  by  120°  relative  to  each  other.  Each  iron  vane  is  magnetised  by  one  of  the 
three  voltage  coils  Bt.  B-,  and  B-,  which  are  connected  tin  scries  with  a  high  resistance  R)  in  star 
across  the  supply  Lines,  The  whole  system  is  free  to  move  in  the  space  between  two  parallel  halves 
r~l  and  fj  of  a  single  curicul  toil  connected  in  one  line  or  die  suppy  Hie  cuminoii  swindle  jImi 
carries  die  damping  vanes  (ntil  shown)  and  the  pointer  P. 
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2.  Working 

The  angular  position  of  the  moving  system  is  determined  by  the  phase  angle  0  bet  wen  the  Line 
curreni  and  the  respective  phase  voltage.  In  other  words,  deflection  8  is  equal  to  0,  although,  in 
practice,  the  instrument  is  calibrated  so  read  the  power  factor  directly 

3.  AdvanlttRi-*. 

u  !  Since  no  rrihiimx  uviLiiieiiu  held  is  produced,  there  is  no  lendcncy  for  the  moving  system  to 
be  dragged  aruund  continuously  in  one  direction, 

(Hi  This  instrument  is  not  much  affected  by  the  type  of  variations  of  frequency,  voltage  and 
waveform  as  might  be  eipected  in  an  ordinary  supply. 


Fig.  10.77 
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A  paten  tiomeier  is  nsed  for  measuring  and  comparing  the  e-mTs.  of  difrercm  ll lb.  and  tor 
calibrating  and  -standardizing  voltmeters,  ammeters  etc.  In  its  simplest  from,  it  consists  of  a  German 
silver  or  manganin  wire  usually  one  meter  long  and  stretched  between  I  wo  terminals  as  shown  in 
Fig  10.78, 

This  wire  is  connected  in  series  with  a  suitable  rheostat 
and  battery  B  which  sends  a  stedy  current  through  the  resis- 
tance wire  AC.  As  the  wire  is  of  uniform  cross-section 
tfiroughoiJii,  the  fall  in  pt Hernial  across  ii  is  uniform  and  the 
drop  between  any  two  points  is  proportional  to  the  distance 
between  them.  As  seen,  the  battery  voltage  is  spread  over 
the  riieoslal  and  the  resistance  win:  AC.  As  we  go  along  AC. 
there  it  a  progressive  fall  of  potential-  If  p  is  the  resistance/ 
cm  of  this  wire,  I  its  length,  dten  fur  a  curreni  of  /  amperes, 
the  fall  of  potential  over  the  whole  length  of  the  wire  is  p  U 
volts 
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The  two  cells  whose  e  m.fs  are  to  be  compared  are  joined  as  shown  in  Fig.  I0.7S.  always 
remembering  that  positive  terminals  of  the  veils  ami  the  barterv  must  be  joined  together.  The  cells 
can  be  joined  with  the  gal  variometer  in  turn  through  a  two-way  key.  The  other  end  of  die  galvanom- 
eter is  connected  to  a  movable  contact  on  AC,  By  this  movable  contact,  a  point  like  D  is  found  when 
there  is  no  current  in  and  hence  no  deflection  of  G.  Then,  it  meaiLS  that  the  e.tn.f.  of  the  cell  just 
balances  the  potential  fall  on  AD  due  lo  the  batten,  curreni  passing  thmugh  iL 
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i  >r.  uling  f»ne  equation  by  the  other,  we  have 


Standard 
Cell 

Fig.  10.7« 


Suppose  that  the  balance  or  null  point  for  first  cell  of  e.m.f-  iT,  occurs  u!  a  length  I,  as  measured 
from  point  A.  The  £,  -  p  Z^/, 

Similarly,  if  the  balance  point  is  at  £^  for  lh  other  cell,  then  E.  =  p  LJ. 

pw  in 

If  ime  of  ihc  cells  is.  .1  standard  cell,  the  e.m.f.  of  the  other  cell  can  he  found 
111.61.  LUrm-nadim:  I'olendomter 

The  simple  potent  iomelerdescibed  above  is  used 
for  educational  purposes  only.  But  in  il  commercial 
form,  it  is  so  calibrated  that  the  readings  of  the  po- 
tentiometer give  the  voltage  directly,  thereby  elimi- 
nating tedious  anthmettca]  calculations  and  so  sav- 
ing appreciable  time 

Such  .t  direct-reading  potentiometer  is  shown  in 
Fig.  10.79.  The  resistance  R  consists  of  14  equal 
resistances  joined  in  series,  the  resistance  of  each  unit 
being  equal  to  that  of  the  whole  slide  were  5  f  which 
is  divided  into  I  UO  equals  parts).  The  battery  current 
is  controlled  by  *lide  wire  resistance  W. 

10.62.  Standardizing  the  PutiMiliiiiiii'ler 

A  standard  cell  r  e.  Weston  cadmium  ceil  of  e.m.f.  1 .0183  V  is  connected  10  sliding  contacts  P 
and  Q  through  a  sensitive  gal vanotneier  G.  First,  P  is  put  on  stud  No.  10  and  Q  on  18.3  division  on 
i  and  then  is  adjusted  u>r  zero  Jeflecin  'ii  on  ii  hi  dial  case,  potential  difference  betwen  P  and  Q 
is  equal  to  cell  voltage  i.e.  1  (J  I  S3  V  so  that  potential  drop  on  each  resistance  of  R  is  1/ 111  =  0. 1  V  and 
every  division  of  5  represents  fl  1/100  =0.00 1  V,  After  standardizing  this  way,  the  position  of  Wti 
not  in  be  t  hanked  in  tittv  case  otherwise  the  whole  adjustment  would  go  wrong.  After  this,  the 
insuumeni  becomes  direct  reading.  Suppose  in  a  subsequent  experiment,  for  balance.  P  is  moved  to 
stud  No.  7  and  Q  to  84  division,  then  voltage  would  be  =  (7  x  0.11  +  <84  x  0.001 )  =  9,784  V. 

It  should  be  noted  that  since  most  potentiometer*  have  fourteen  steps  on  ft.  it  is  usually  not 
possible  to  measure  p.ds,  exceeding  1.5  V  I-< >r  measuring  higher  voltges.  it  is  necessary  to  use  ii 
volt  box. 

10.63.  t  alihmtion  of  -Vmnu-ters 

The  ;< mutter  tn  be  calibrated  is  connected  in  scries  with  a  variable  resistance  and  a  standard 
resistance  F.  say.  of  0.J  Q  across  battery  fl,  of  ample  current  capacity  as  shown  in  Fig.  10.80 

Obviously,  lite  resistance  of  F  should  be  such  that 
w  ith  maximum  current  flowing  through  the  ammeter 
A,  the  potential  drop  across  F  should  not  exceed  1  5 
V.  Some  convenient  current,  say  6  amperes  (as 
indicated  by  A I  is  passed  through  the  circuit  b\ 
adjusting  the  rheostat  RH. 

The  potential  drop  across  F  is  applied  between  /' 
and  Q  as  shown.  Next  the  sliding  contacts  P  and  (J 
ore  adjusted  for  zero  deflection  on  G  Suppose  P  reads 
5  and  O  reads  Sh  "  Tnen  it  means  that  p.d.  across  F 
is  0.5867  V  and  since  F  is  of  0. 1  Q,  hence  rn#e  value 
of  cnrrenl  through  F  is  0,5867/0.)  =  5.867  amperes 
Hence,  the  ammeter  reads  high  by  (6  -  5,867)  = 
0.133  A.  The  tcsl  is  repealed  for  various  values  ol 
current  over  the  entire  ranges  of  the  ammeter. 
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|0.<i4.  Calibration  uf  \  ollinclers 


As  pninied  out  in  Art.  10.62,  a  voltage  higher  than  1.5  cannot  he  measurd  by  the  potentiometer 
ilircvily.  the  limit  being  sei  by  the  standard  cell  and  the  iype  of  the  pnreniiomeicr  '  since  ii  has  i >fi t \  1 4 
resistances  on  R  as  in  Fig.  10.7'J).  However,  with 
ihe  help  uf  o  volt-box  which  is  nothing  else  but  ti 
vnlijtTL-  reducer,  measurements  nf  voltage  up  to 
1 50  V  or  300  V  can  be  made,  the  upper  limit  of 
voltage  depending  on  the  design  uf  the  volt-bo.v 

The  diagram  of  connections  for  calibration 
ofvoumeieri  isshown  in  Fig.  tO.it,  By  calibration 
is  meant  the  determination  of  the  extent  of  error 
in  Ihc  reading  of  ihc  voltmeter  throughout  its 
range.  A  high  value  resistor  AB  is  connected 
across  the  supply  terminals  of  high  voltage  battery 
so  that  it  acts  as  u  voltage  divider.  The  volt- 
box  consists  of  a  high  resistance  CD  with  taping* 
at  accurately  determined  points  like  E  and  F  etc. 
The  resistance  CD  is  usually  15,000  to  300  ii. 
The  iwit  tappings  £  und  F  are  such  that  the 
resistances  of  portions  CF.  and  CF  are  1/1 00th 
and  If'IOth  the  resistance  CD  Obviously, 
whatever  ihe  potential  drop  across  CD.  the 
corresponding  potential  drop  across  CL  is  U 1 00th 
and  ihal  across  CF,  l/IOth  of  that  across  CD. 

If  supply  voliage  is  150  V.  men  p.ii  across 
AB  is  also  150  V  and  if  Af  coincides  wiih  B,  then 
p.d.  across  CD  is  also  150  V,  so  across  CF  is  15 
vults  and  across  CE  is  1.5  V.  Then  p.d.  across 
CE  can  be  balanced  over  the  potentiometer  as 
shown  in  Fig.  10.81  Various  voltages  can  he 
.ipplicd  across  ihe  voltmeter  by  moving  the  contact  point  M  OTt  the  tests  lance  AB. 

Suppose  lhat  M  is  so  placed  by  voltmeter  V  reads  70  V  and  p.d.  across  CE  is  balanced  by 
adjusting  P  and  Q.  If  the  readings  on  P  and  Q  to  give  balance  are  7  and  8.4  respeetvely.  then  p.d. 
across  CE  is  0.7084  V 

Hence,  the  true  p.d  across  AM  or  CD  or  voltmeter  is  0.7048  x  100  =  70.84  V  (because  resis- 
tance of  CD  is  1 0(1  times  greater  than  lhat  of  CEy  In  other  words,  Ihe  reading  of  ihe  voltmeter  is  low 
by  0,84  V 

By  shifting  the  position  nf  M  and  I  hen  balancing  the  p  d.  acmss  CE  nn  the  potentiometer,  ihe 
voltmeter  can  be  calibrated  throughout  it>  range  By  plotting  the  errors  on  a  graph,  a  calibration 
curve  of  the  instrument  can  also  be  drawn. 

10.65.  \X\  PntenthMneter 

An  A.C  poieniiometei  hasically  works  on  die  same  principle  as  a  d.c.  potentiometer  However, 
there  is  one  very  important  difference  between  the  two.  In  d.c.  potentiometer,  only  the  magnitude* 
of  the  unknown  e.m.f.  and  slide-wire  voltage  drop  are  made  equal  for  obtaining  balance.  But  in  an 
a.c.  potenijometer,  not  only  the  magnitudes  but  phases  as  well  have  to  be  equal  for  obtaining  balance. 
Moreover,  to  avoid  frequency  and  waveform  errors,  the  a.c.  supply  for  slide-wire  must  be  taken 
from  same  source  as  the  voltage  or  curreni  to  be  measured, 

A.C.  potentiometers  are  of  two  general  types  di fleering  in  the  manner  in  which  the  value  uf  the 
unknown  voltge  is  presented  by  the  instrument  dials  or  scales  The  iwo  types  arc  : 
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10  Polar  potentiometers  in  which  the  unknown  voltage  is  mesured  in  polar  from  i.e.  in  terms  of 
magnitude  and  relative  phase, 

1/0  Co-ordinate  potentiometers  which  mesure  toe  rectangular  co-ordinates  of  the  voltage  under 

tcsL 

The  two  produces  arc  illustrated  in  Fig.  1(1.82, 
In  Fig.  10.82  f.o).  vector  OQ  denotes  the  lest  voltage 
whose  magnitude  and  phase  are  to  be  imitated,  Id 
polar  potentiometer,  the  length  r  of  the  vector  OP 
■can  be  varied  with  the  help  of  a  sliding  contact  on  the 
slide  wire  while  its  phase  4  is  varied  independently 
with  the  help  of  a  phase-shifter,  Drysdale  potenti- 
ometer Is  of  this  type, 

In  co-ordinate  type  potent]  omciers,  the  unknown 
voltage  vector  OQ  is  copied  by  the  adjustment  of  in 
phase'  and  'quadrature'  components  X  and  Y.  Their 
values  are  read  from  two  stales  of  the  potentiometer. 


Fig.  IU.H2 


The  magnitude  ol  the  required  vector  is 

p  ^X'  +  Y'  and  its  phase  is  given  by  $  =  tan-1  (X/Y).  Examples  of  this  type  are  (i)  Gall  potenliom- 

eter  and  Hi)  Campbell -Larsen  potentiometer. 

I  (1.66.  Dnidule  I'ulur  Potentiometer 

As  shown  in  Fig.  10.83  for  a.c  measurements,  the  slide-wire  MN  is  supplied  from  a  phase 
shifting  circuii  so  arranged  that  magnitude  of  the  voltage  supplied  by  ii  remains  constant  while  its 
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phase  can  be  varied  through  360°.  Consequently,  slide- wire  current  /  can  be  maintained  constant  in 
magnitude  but  varied  in  phase.  The  phawr- shilling  circuit  consists  of : 

17)  Two  staior  coils  supplied  from  the  same  source  in  parallel.  Their  currents  /,  and  /,  ore 

made  tr>  differ  b\  9<V  by  using  well-known  phase-splitting  technique. 
d'O  The  Iwo  wtndigns  produce  a  rotating  flux  which  induces  a  secondry  e.m.f.  tn  the  rotor 
winding  which  is  of  constant  magnitude  but  the  phase  of  which  can  be  varied  by  rotating 
the  rotor  in  any  position  cither  manual!)  or  otherwise.  The  phase  of  the  rotor  e.rn.i  is  read 
from  the  circular  graduated  dial  provided  for  the  purpose 
The  ammeter  A  in  the  slide-wire  circuit  is  of  electrodynamic  of  thermal  type.  Before  using  il  for 
a,e.  measurements,  the  potentiometer  is  first  calibrated  by  usingd.c.  supply  for  si  id  wire  and  a  standard 
cell  for  test  terminals  7",  and  T,. 
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I  he  unknown  alternating  voltage  ta  he  measured  is  applied  across  lest  (erminals  7",  and  T2 
balance  is  effected  by  the  alternate  adjuste  merit  of  the  slide-wire  contact  and  the  position  of  phase- 
shifting  rotor.  The  *:lidc-M.irc  reading  represent  the  magniiudc  .it  the  lot  village  phase-diii'tcr 
reading  gives  its  phase  with  reference  to  an  arbitrary  reference  vector. 

Ifl,h7.  Gall  Cn*ordinatt>  Potent iurneter 

This  potentiometer  uses  Iwo  slide-wires  CD  and  AAV  with  thetr  currents  /,  and  ll  (Fig.  10,84) 
having  u  mutual  phase  difference  of  90"  The  two  currents  are  obtained  from  the  single  phase  supply 
through  isolating  transformers,  the  circuit  for  'quadrature'  slide  wins  MrV  incorporating  a  phase  shift- 
ing arrangement 


j  i  i  f  f~rr 


IN -Phase 


T 


Wire 


rnductnriieier 


0  100 
  1    I    1  -I 


S, 


Ml     Quadrature    T  Wire 

S  r 


]>ht 


Oi 


[■F-.STO 


Before  use.  the  current  /,  is  first  standardised  as  described  for  Drysdale  potentiometer  (Art. 
10.66).  Next,  curret  1,  is  standardised  with  the  help  of  die  mutually  induced  e.m.f.  E  in  mduetomeier 
secondary  .  This  tjaJ.E"  G>  Af/,  and  is  in  quadrature  phase  with  Now.  E  is  balanced  against  the 
voltage  drop  on  slide-wire  MN.  This  balance  will  be  obtained  only  when  /,  is  of  correct  magnitude 
and  is  in  exact  quadrature  w  idi  /, .  Balance  is  achieved  w  iih  the  help  of  the  phase-shifter  and  rheostat 

The  unknown  voltage  is  applied  across  the  test  terminals  f,  and  /',.  Slide-wire  MS  measures 
that  component  of  the  unknown  voltage  which  is  in  phase  with  /:.  Similarly,  slide-wire  CD  mea- 
sures that  component  of  the  unknown  voltage  which  is  in  phase  with  L,  Since  /(  and  /,  are  in 
quadrature,  the  two  measured  values  are  quadrature  component!!  of  the  unknown  voltage.  If  V,  and 
V,  arc  ihese  values,  then 


V  -   yjv*  +         and    <(>  =  tan"'  (V^Vt)      — with  respect  lo  /, 

Reversing  switches  5,  and  S2  are  used  for  measuring  both  positive  and  tiegdve  in-phase  and 
quadrature  components  of  the  unknown-voltage. 

Hl.hX.  Insfrumt'iil  Transformers 

The  d_c.  circuits  when  large  currents  are  to  be  measured,  it  is  usual  lo  use  low-range  ammeters 
with  suitable  shunts.  For  measuring  high  voltages,  low-range  voltmeters  are  used  With  high  resis- 
tances conncted  in  series  with  them.  Bui  it  is  neither  convenient  nor  practical  to  use  this  method  widi 
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alternating  current  and  voltage  instruments  For  this  purpose,  specially  constructed  accurate-ratio 
s iv. i rumen i  irunsfw  me  rs  are  employed  m  conjunction  %«h  standard  low-range  a  c  HiMinriivuiv  I'heti 
purpose  is  in  reduce  the  line  currenl  or  supply  voltage  to  a  value  small  enough  to  be  easily  measured 
with  meters  of  moderates  size  and  capacity ,  In  other  words,  they  are  used  for  emending  The  range  of 
J  a.,  ammeters  and  voltmeters.  Instruments  transformers  ore  of  two  types  : 

(i"i  current  transformers  (CT)  — for  measuring  large  alternating  currents. 

(it)  potential  transformers  {VTf  — for  measuring  high  alternating  voltges. 

Advantages  of  using  instrumeni  transformers  for  range  extension  of  a_c.  meters  arc  as  follows  : 

(1)  the  instrument  is  insulated  from  the  line  voltage,  hence  it  can  be  grounded.  (2)  the  cost  of 
the  instrument  tor  meter!  together  with  die  instrument  transformer  is  less  than  thai  of  the  in.slrumenl 
alone  if  il  were  to  be  insulated  for  high  voltages.  (3)  it  is  possible  lo  achieve  standardisation  of 
instrument.*  and  meters  at  secondary  ratings  of  I 'KM  20  volts  and  5  or  1  amperes  (4i  if  necessary, 
several  instruments  can  be  operated  from  a  single  transformer  and  5  power  consumed  in  the  measur- 
ing circuits  is  low 

In  using  instrumeni  transformer*  for  current  (or  voltage)  measurements,  we  must  know  the  ratio 
of  primary  current  for  voltage  \  to  the  secondary  current  (or  vnlinge).  These  ratios  give  us  the  multi- 
plying I  actor  tor  finding  the  primary  values  from  the  instrumeni  readings  mi  the  secondai}  side 

However,  for  energy  or  power  measurements,  it  is  essential  lo  know  noi  only  the  transformation 
ratio  but  also  the  phase  angle  he!  ween  the  primary  and  secondary  currents  (or  voltages  I  because  it 
necessitates  further  correction  to  die  meter  reading. 

For  range  extension  on  a,c.  circuits,  instrument  transformers  are  more  desirable  than  shunts  (for 
currenl S  and  multipliers  (for  voltage  measurements)  for  the  following  reasons  ; 

1  time  constant  of  the  shunt  must  closely  match  the  time  constant  of  (he  instrument  Hence, 
a  different  shunt  is  needed  for  each  instrumeni. 

2  range  extension  is  limited  by  the  current-carrying  capacity  of  ihe  shunt  i.e.  upto  a  few 
hundred  amperes  at  the  most 

3.  if  currenl  is  at  high  voltage,  instrument  insulation  becomes  a  very  difficult  problem. 

4.  use  of  multipliers  above  10X10  becomes  almost  impracticable. 

5.  insulation  of  multipliers  agamsl  leakage  current  :md  reduction  ot  their  distributed  capaci- 
tance becomes  not  only  more  difficult  but  expensive  above  a  few  thousand  volts. 
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For  satisfactory  and  accurate  perfurmancc,  il  is  necessary  thai  the  ratio  of  transformation  of  the 
instrument  trans  former  should  be  constant  within  close  limits.  However,  in  prat  Lice,  il  is  found  that 
neither  current  transformation  ratio  IJ12  (in  the  case  of  current  transformers)  nor  voltage  transforma- 
tion ratio  VtiV2  (in  ibe  case  of  potential  transformers  *  remains  conslan!.  The  transformation  raiio  is 
found  to  depend  on  the  exciting  current  as  well  as  the  current  and  the  power  factor  of  the  secondary 
circuit-  This  faci  leads  lo  an  error  called  ratio  error  of  the  transformer  which  depends  on  the  working 
component  of  primary. 

It  is  seen  from  Fig.  1.85  (a)  that  the  phase  angle  between  the  primary  and  secondary  currents  is 
not  exactly  ISO11  but  slightly  less  than  this  value.  This  difference  angle  (3  may  be  found  by  reversing 
vector  /-,.  The  angular  displacement  between  ff  and !-,  reversed  is  called  the  phase  angle  error  of  the 
current  transformer.  This  angle  is  reckoned,  positive  if  the  reversed  secondary  current  lends  the 
primary  current  However,  on  very  low  power  factors,  the  phase  angle  may  be  negative.  Similarly, 
there  is  an  angle  of  y  between  the  primary  voltage  jr*j  and  secondary  voltage  revesed-this  angle 
represents  the  phase  angle  error  of  a  voltage  transformer.  In  either  case,  the  phase  error  depends  on 
the  magnetising  component  /p  of  the  primary  current.  It  may  be  noted  that  ratio  error  is  primarily 
due  (o  the  reason  that  the  terminal  voltage  transformation  ratio  of  a  transformer  is>  not  exactly  equal 
lo  its  turn  ratio.  The  divergence  between  the  two  depends  on  the  resistance  and  reactance  of  the 
transformer  windings  as  well  as  upon  the  value  of  the  exciting  current  of  the  transformer.  Accuracy 
of  voltage  ratio  is  of  utmost  importance  in  a  voltage  transformer  although  phase  angle  error  does  not 
matter  if  it  is  lo  be  merely  connected  to  a  voltmeter-  Phase- angle  error  becomes  important  only 
when  voltage  transformer  supplies  the  voltage  coil  of  a  wattmeter  i.e.  in  power  measurement  In  that 
case,  phase  angle  error  causes  the  wattmeter  to  indicate  on  a  wrong  po wer  factor. 

In  the  case  of  current  transformers,  constancy  of  current  ratio  is  of  paramount  important.  Again, 
phase  angle  error  is  of  no  significance  if  the  current  transformer  is  merely  feeding  an  ammeter  bui  ii 
assumes  importance  when  feeding  the  current  coil  of  a  wattmeter.  While  discussing  errors,  it  is 
worthwhile  to  define  the  following  terms  : 

ii)  Nominal  transformation  ratio  (kj,  It  is  the  ratio  of  the  rated  primary  to  the  rated  second- 
ary current  (or  voltage  i 

^         rated  primary  current  (/,)  ^  ^ 

"       rated  secondary  current  (12 ) 

rated  primary  current  fV^)  ^ 


rated  secondary  current  ( '  V,  > 

In  the  case  of  current  transformers,  it  may  be  stated  either  as  a  fraction  such  as  500/5  or  1 00/1  or 
simply  as  the  number  representing  the  numerator  of  the  reduced  fraction  r.i?.  1 00.  It  is  also  known  as 
marked  ratio. 

( ii  i  Avtual  transformation  ratio  \k).  The  aeLual  translbrmtion  ratio  or  just  ratio  under  any  given 
condition  of  loading  is 

primary  current  (fj)  , 
corresponding  secondary  euntnt  (./-J 

In  general,  k  differs  from  kn  except  in  the  case  of  an  ideal  or  perfect  transformer  when  k  ^  kn  for 
all  conditions  of  loading. 

fin)  Unlit  >  Errnr  iff).  1 1  most  measurements  it  may  be  assunwd  thai  /]  -  Krj/,  but  tor  very  accural  e 
work,  it  is  necessary  in  correct  for  the  difference  between  Jt  and  km.  it  can  he  done  with  the  help  of 
rabo  error  which  is  defined  as 

k^-k  _  nominal  ratio-actual  ratio 

k  actual  ratio 

K-U-kl,    k    I-,-  i, 

Accordingly,  ratio  error  may  be  defined  as  the  difference  hetween  the  primary  current  read 
iassuminn  the  nominal  ratio)  ond  the  true  primary  current  divided  by  the  true  primary  current. 


<JI8  * 

OYj  Ratio  Correction  Factor  fR.C.FX  It  is  given  by 

ftCF  -   actual  ratio  _  k 
■  ■  ■  ~   notlljn|  riliJo  jt 

10.70.  Current  Transformer 
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A  current  transformer  takes  the  place  of  shunt  in  dc.  measurements  and  enables  heavy  alternat- 
ing current  to  he  measured  with  the  help  of  a  standard  5-A  range  a.c,  ammeter. 


i 


Current  Transfrifmer 
f  _/  1 


i 


Fin.  Hl.Sfi 


As  shown  in  Fig.  J 0.86,  the  current  -  or  scries- transformer 
has  a  primary  winding  of  one  ur  more  uums  of  thick  wire  con- 
nected in  scries  with  the  fine  carrying  the  current  to  be  mea- 
sured. The  secondary  consist  of  a  large  number  of  turns  of 
fine  wire  and  feeds  a  standard  5-A  ammeter  (Fig.  1 0,86)  or  the 
current  coil  of  a  watt-meter  or  watthour-meter  (Fig,  10.87). 

h'or  example,  a  1 ,000/5 A  current  transformer  with  in  'itieje- 
tum  primary  will  have  200  secondary  turns.  Obviously,  it  steps 
down  the  current  in  the  200  :  L  ratio  whereas  it  steps  up  the 
voltage  drop  across  the  single-turn  primary  (an  extremely  small 
quantity)  in  the  ratio  I  :  200,  Hence  if  we  know  the  current  ratio  of  the  transformer  and  the  reading 
of  the  ax,  ammeter,  the  line  current  can  be  calculated. 

It  is  worth  noting  that  ammeter  resistance  being  extremely  low,  a  current  transformer  operates 
with  its  secondary  under  nearly  short-circuit  conditions.  Should  it  be  necessasry  to  remove  the 
ammeter  of  the  current  coils  of  the  wattmeter  or  a 
relay,  the  seondary  winding  must,  first  nf  all,  be  short- 
circuted  before  die  instrument  is  disconneted. 

If  it  is  not  done  then  due  to  the  absence  of  counter 
ampere- turns  of  the  secondary,  the  unopposed 
primary  m.m.f.  will  set  up  an  abnormally  high  flux, 
in  the  core  which  will  produce  excessive  core  loss 
with  subsequent  heating  of  tnd  damage  ol  the 
transformer  insulation  and  a  high  voltage  across  the 
secondary  terminals,  This  is  not  The  case  with  the 
ordinary  constant -potential  transformers  because 
their  primary  current  is  determined  by  the  toad  on 
their  secondary  whereas  in  a  current  transformer,  primary  current  is  determined  entirely  by  the  foud 
on  the  system  and  not  by  the  load  on  its  own  secondary.  Hence,  the  secondary  of  a  current  transformer 
should  never  be  left  ppffl  tuuier  any  circumstances. 

1 11.7 1.  Theory  nl  Current  Transformer 

Fig.  10,85  (b)  represents  the  general  phase  diagram  for  a  current  Transformer,  Current  /„  has 
been  exaggerated  for  clarity. 

u>  i  Rittio  Error.  For  obtaining  an  expression  for  the  ratio  error,  it  will  be  assumed  that  the  turn 
ratio  n  {=  secondary  turns,  A/j/primary  turns  Nt )  is  made  equal  to  the  nominal  current  ratio  i.e.  jt  =  Jtr. 
In  other  word*,  it  wdl  be  assumed  that  f//2  =  n  although  actually  n  As  seen  frcirn  Art.  10.63. 


Fir.  UJ.S7 


a  -- 


« i2  -  /|   y-/t  _  OB  -  OA 


j, 

OB -PC 
OA 


1, 


OA 


( '.'  (J  is  very  small  angle! 


_  flC  _  _  AB  sin  [a  +  B)  _    /„ sin  fa  +  6) 

OA~  OA  ~~t,  ~" 


J0  sin  (a  +  S) 
nl-, 


For  most  instrument  transformers,  the  power  factor  of  the  secondary  burden  in  nearly  unity  so 
diat  6  is  very  small.  Hence,  very  approximately. 
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O  - 


where  L  is  the  iron-lass  or  working  or  watlful  component  of  the  exciting  current  in 
Note.  The  transformation  ratio  R  may  be  found  from  Fig,  10.35  {a)  as  under  : 
l^OA-  OB  +  BC  =nIt  cos  p  +  /0  cos  [90  -  (6  +  p*  +  a)l  m  nl2  c«s  (J  +  /„  sin  (S  +  p  +  a) 
Now  P  -  (a  +  6)  hence    -  nl2  +  f0  sin  la  +  6)  when;  n  is  the  turn  ratio  of  the  transformer. 


ratio  R  = 


f^  ni,  +  /u  sin  fa  +  5) 
A,  ~™  A 


or  A=n  + 


L  sin  (a  +  8) 


If  £  is  negligible  small,  then  ft  ■ 


/„  sin  a  /„ 
il  H — ^—  =  n+-^- 

li  is  obvious  from  (0  above  mat  ratio  error  can  be  eliminated  if  secondary  turn  ore  reduced  hy  a 
number 

=  Ia  sin  (a  +  &)/i2 

\h>  Phase  angle  i (J I 

Again  from  Fig.  10.85  {□),  we  fine  that 

AC  _  AB  cos  <a  +  5)    /0  cos  (a  +  5)    /^cos  (a  +  &} 


Again,  if  the  seeundary  power  factor  is  nearly  unity,  then  6  is  very  small,  hence 

P  = 


/,i  cos  ct  L 
 ~-f-ot 


nJ, 


where  /  is  the  magnetising  component  of  the  exciting  current  /„. 


i 


Note,  As  found  above. 


p  =  —  —in  radian;  - 
P  - 


X.  1, 


in  degrees 


IQ  cos  (a  +  6)  _  /0  (cos  a  cos  £  -  sin  a  sin  o) 

/„  cos  S-  /„  sin  8       cos  5 -  /...sin S 
M  "  ■   radian 


fl/n 


^xi^6;^^  degrees. 


Core 


Feeder 


Primary 


Dependence  of  ratio  error  on  working  component  of/,,  and  dial  of  phase  angle  on  ihu  magnetising 
component  is  obvious  If  ft  is  to  come  closer  to  k  and  p"  is  to  become  negligible  small,  tlien  and  tr> 
and  hence  ln  should  be  very  small. 

10.72.  t'Upwjfi  T>u*  Currtriil  Transformer 

it  has  a  laminated  core  which  is  so  arranged  that  it  can 
be  opened  out  at  a  hinged  section  by  merely  pressing  a 
trigger-like  projection  (Fig.  10.88),  When  the  core  is  thus 
opened,  it  permit*  the  admission  of  very  heavy  current- 
carrying  bus-bars  or  feeders  whereupon  the  trigger  is 
released  and  the  core  is  tightly  closed  by  a  spring.  The 
current-carrying  conductor  of  feeder  acts  as  a  single -turn 
primary  whereas  the  secondary  is  connected  across  the 
siandairi  ammeter  con  veniendy  mounted  in  the  handle  itself  . 

Pig.  10.88 


Secondary 


42<H 


Electrical  Technology 


IU.73,  Potential  Transformers 

These  transformers  are  extremely  accurals- ratio  stepdown  transformers  and  are  used  in  con- 


r  Transformer 


( j^JO  V 
Vislrmcfirr 


Load 


F'nnrifrj 


SeuiiildArv 


F.ji.  111.89 


junction  with  standard  low -Hinge  voltmeters  (100-120 
V)  whose  deflection  when  divided  by  transformation 
ratio,  gives  the  true  voltage  on  the  primary  or  high- 
voltage  side.  In  general,  they  are  of  the  shell  type  and 
do  not  differ  much  from  the  ordinary  1  wo  winding 
transformers  excepl  that  their  power  rating  is  extremely 
small.  Sine  their  secondary  windings  are  required  to 
operate  instruments  or  relays  or  pilot  tights,  iheir  rat- 
ings are  usually  of  40  to  I0QW,  For  safety,  the  sec- 
ondary is  completely  insulated  from  the  high  voltage 
primary  and  is,  in  addition,  groim ik  J  for  affording  pro- 
tection to  the  operator  Fig,  10.89  shows  the  eonnelion 
of  s-uch  a  transformer. 

10.74.  Rutin  iiJid  Phase-angle  Errors 

In  the  case  of  a  potential  transformer,  we  are  interested  in  the  raiio  of  ihe  primary  to  the  secondary 
terminal  voltage  and  in  the  phase  angle  y  between  the  primary  and  reversed  secondary  terminal 
voltage  VV. 

The  general  theory  of  voltage  transformer  is  die  same  as  for  the  power  transformers  except  lhat. 
us  the  current  in  the  secondary  burden  is  very  small,  the  total  primary  current  /,  is  not  much  greater 
than  iu. 

In  the  phasor  diagram  of  Fig.  10,90.  vectors  A3,  BC,  CD  and  DE  represent  small  voltage  drops 
due  to  resistance*  and  reactances  of  the  transformer  wuiding  (they  have  been  exaggerated  for  the 
sake  of  clarity  J,  Since  the  dnops  as  well  as  the  phase  angle  y  are  small,  the  lop  portion  of  diagram 
10.90  Ui)  can  be  drawn  with  negligible  loss  of  accuracy  as  in  Fig.  10.90  (b)  where  V,'  vector  has 
been  drawn  parallel  to  the  vector  for  Vr 

In  these  diagrams.  VV  is  the  secondary  terminal  voltage  as  referred  to  primary  assuming  trans- 
formation without  voltage  drops.  All  actual  voliage  drops  have  been  referred  to  the  primary.  Vector 
AS  represents  lotal  resistive  drop  as  referred  to  primary  Li,  l3'  fttn.  Similarly,  BC  represents  total 
reactive  drop  as  referred  to  primary  ue,  /V  Xm- 

ln  a  voltage  transformer,  the  relatively  large  no-load  current  produces  appreciable  resistive 
drops  which  have  been  represented  by  vectors  CD  and  DE  respectively.  Their  values  are  ,  and 
fpjfj  respectively. 

if?  >  Ratio  Error 

In  the  following  theory,  n  would  be  taken  to  represent  the  ratio  of  primary  tVrijs  to  secondary 
lams  (Art.  10. 69 J.  Further,  it  would  be  assumed,  as  before,  that  n  equals  the  nominal  transformation 
ratio  i.e.  n  =  kn. 

In  other  words,  it  would  be  assumed  that  Vl/Vl  ~  n,  although,  actually,  Vj/vy  -  a. 


Tlien 


OE 


k  kv2 

AG  +  FC  +  LD  +  EM 
OE 

1 2'  ^  COi  u  +  I /  Xm  sin  6  +       sin  ot  +  t(yXl  cos  <x 


Fig,  10.90  0'} 
Fig.  10.90  m 


I  J  R,,-,  cos  5  +  /, 


Xm  sin  o  +/^,  +  1^, 


where  r^and  /  are  ihe  iron-loss  and  magnetising  components  of  the  no-load  primary  current  iiy 


Electrical  Instrument  and  \tcusurrnwifi 


42* 


m 

Kig.  lo.yn 

iM  Phase  A  ugh-  (yl 

Tn  a  very  chise  approximation,  value  of  y  is  given  by  7=  AN/OA 
Now.  OA  =  OE  provided  ratio  error  is  neglected.  In  Chat  case-, 
AN  _    GF  +  MM 
OE  "  OE 
{BE  -  BG\  +  (DM  -DM) 
OE 

l^'  Xm  cos  5  -  /V      sin  5  +  I^X^m  ot  -  1^  co>  a 
V, 


y  - 


—in  radian 


i-ijLi.  raw  im 


V  An,  cos  a  -  sin  5+  ffl  $f  -  /^fl, 


The  negative  sj»n  has  been  given  because  reversed  secondary  voltage  i.e.  W  lags  behind  V.. 

\\.\<\vi\\}\v  10.44,  A  current  transformer  with  5  primry  turns  cntd  a  tiommal  ratio  of  10O0/5  r'v 
operating  with  a  total  secondary  impedance  of  0.4  +  j  0.3  Q.  At  rated  load,  the  (ran  lass  and 
magnetising  components  of  no-load  primary  current  are  1.5  A  and  6  A  respective!*.  Calculate  the 
nuia  error  and  phase  angle  at  rated  primary  current  if  the  secondary  has  {a}  1000  turns  and  (b)  9Vti 
turns. 

Solution.  Phasor  diagram  of  Fig.  10,87  may  please  be  referred  to. 
lai  tan  5  =  0.3/0.4  tn-5  =  tan"1  (0  3/0,41  =n  W52' 

a  =  tan"1 


<[.5/fY)  =  1 4' 2'       A  m+  $l  50*54' 
>B  =        +     =v/l.52  +  62=S.186A 
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BC  m  /„sin  tcs+ pj  =6.186  x  sin  50°54'  =  4.B  A 
Since  fJ  is  amalJ,  QC  =  OA  =  1000  A    ,\    //  ™  OC  -BC  =  1000  -  4.8  =  993.2  A 

Vi-'i  ^J-1! 
o  =■  ~  j        -  " — ~,  because  in  ibis  case,  n  (=  M.JN ,  =  1 000/5 1 

i  i 

is  equal  to  nominal  ratio    (=  1 000/5  A). 

V-/,    9O5.2-1000  rtWUB 

o  =  looo    =~ 00048  - 

P  m  tan"1  fA£3fiOCJ 
Now  AC  -  /„  cos  «x  +  P)  =  6,186  cos  5(T54'  =  3.9  A 

centre  P  -  ian_1  (AC/OC)  =  tan  1  (3.9/1000)  -  II  1.V 

(b)  In  this  caw,  /,  =  995.2X  X  ;  tjr  x  995.2  x  JL  =1005.3  A 


<T  = 


Afl/2-f,    1005,3-1000    .  ft4MW1_ 


f,  1000 


The  value  of  phase  angle  p  would  not  be  significantly  different  from  the  value  obtained  in  (a) 
above. 

K\ani|)lc  10.45.  A  relay  current-transformer  has  a  bur primary  and  200  sctwutiirv  Httm.  Jlir 
\eiiindtir\  burden  is  wt  uminete.r  of  resistance  1.2  Si  and  resistance  of  0.5  £1  mid  the  seeondars 
mudtti^  flits  a  resistance  of  0.2  Q  and  reactance  of  0.3  C  The  core  requires  the  equivalent  01  100 
AT  fin  ma\,'iw!tsaTinit  and  >!}  AT  for  core  losses. 

i  ( I   find  lite  prirnurv  •  in  rent  mid  tin-  ratio  error  when  die  se.condar\  ammeter  indicates  5,0  A 
Ut)  [i\  hw  many  turns  should  On  wondars  winding  be  reduced  to  eliminate  the  ratio  error 
for  iht >  condition  '  I  Electrical  Meiisun;nii;nt.s.  Bombay  I'niv.  I ">S5 > 

Solution.  Total  secondary  impedance  is 

Z ,  =  1 .4  +  j  0,8  »  1 ,61 2  Z  29*45'  .-.  o  -  29°45' 
/„  =  100  +  y50=;  111.8  Z26"34'       a   a  =  26a34' 

.   n         /nsin(a  +  5) 

Turn  ratio,  n  =  200//  =  200;  Transformation  ratio  R  =  ri  +  —  

R  =  200+llLa^56°19^  218.6 

(ii   Primary  current  -  5  x  218.6=  1093  A 

sin  {a  +  &|    1 1 1. 8 x  0.8321 
Rnuo  error  o  =  ^  =      200x5     "  '        m  '  <M ' ' 

Ui)  No.  of  secondary  turns  10  he  reduced  =  /u  sin  foe  +  S)//;  =  93/5  -  ]*J  urmrn*!, 

I  itample  10.46.  .-1 1  vrreni  transformer  hen  .3  primary  turns  imd  300  seeontinrr  ttom  The  total 
■iMlini/iiim  ilf  nW  in  1  '  '  .  r*  tl>.5W  •  t  0.25 1  ohm  Tht  senmdtm  current  tit  5  A  The  tanpere- 
inrti  ■  ret/uired  to  xnpph  >  teitiiimtt  iiml  iron  (ostes  ore  respectively  10  and  J  j>c  vidt  induced  tn  the 
iccondan 

Ocit'i  nniti  the  prnniu  v  ,  to  rent  iind  phase  ungle  of  the  trunsionner 

1 K  lei  I  Meas;  M^S.  liniv.  RanKia.  WH4) 

So|uti«n.  7^  =  0JS3  =  ;  0.25  =  0.6343  Z  23"  10*  .*.  E2  -  //j  =  5  x  0.6343  =  3.17  V 
Now,  there  are  10  magnetising  AT  per  secondary  volt  induced  in  secondary, 

total  magnetising  47=  3.17  *  10=31.7  ;  Similarly,  iron-loss  AT  =  3.17  x  5  =  15.85 
Remembering  ihul  there  me  3  primary  turns,  the  magnetising  and  iron-lusM  L-umponem.s  of  primary 
current  iux  as  under : 
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Magnetising  current         ^  =  3 1 .7/3  =  10.6  A:  iron-loss  current  iM  -  1 5.85/3  =  5.28  A 


/„  -  Jl0.62  +  5.28J  =  11  54  A 
sin  («  +  6) 


Now,  R  a  n  + 


Here,  w  -   300/3  =  100;  a  -  tan"1  {I J! J  =  tan"1  (5.28/1 0.6  > 


-  tan  1  <  0.498)  -  26° 30' 
5  -  secondary  load  angle  =  23  10'  — found  earlier 

fi  =  100  +         (sin  *gw  1  =  100  +  LSI  =  tOLSl 
7,  =  R  x  /,  =  101.81  x  5  =  51W.0S  A 

It  ft/;, 

L80  „  10.6  cos  23°lOf-  5.28  sin  23*10'    „  u„„ 

=  IT*  iooTs  =UM 

lixumple  1(1.47.  A  current  mtri\j,irmer  n  r//r  ^  primus  h,:>  K>\)  utrn.\  u\  it*  w.rWun 
winding.  The  reiixtanrc  and  rati  tatter  a/the  secondary  circuit  (ire  I J  LI  and  1.0  ii  resjiectnety 
irtrltnlhtfi  the  imnsft>rmer  u  intling  With  5  A  flawing  in  the  xvamthiry  cm  nit  the  mitgnetittf*£  <tm- 
pcre-tunix  requital  art  HHi  and  mm  has  is  1. 2  U     Determine  the  ratio  error  ur  tins  nvufitftw 

(Elect  Measure,  A.MJ.E.  Set.  B.  IW2\ 

Solution.  Turn  ratio  n  -  300/ 1  =  300 

Secondary  impedance  is    Z,-  =  1 .5  +)  l.O  =  I  S  Z  33°42' 

Secondary  induced  e.m.f.  E2  =     Zj  =  5  x  I  .&  =  9  V 

tT,  =  £j/fl  -  9/300  =  9/300  -  0.03  V 
Let  us  now  find  the  magnetising  and  working  components  of  primary  no-load  current  l0 
Magnetising  AT  =  1 00.  Since  threre  is  one  primary  turn,  .-.  /  =  J00/I  -  1 00  A 
Now,  £,^  =  1,2    .'.    lw=  1.2/0.03  =  40  A 


in  «  1 00 +j  40=  107.7  Z  21*48';  a  =  _,V"1Ja+5> 


Now  a  =  2  J  "48'  and  5  =  33s  42' 


107.7  sin  55  ^tf  n 


„  .  rt  /0cos<a  +  6>  107.7  x  cos  55c30' 
Phase  angle  0  =  =  f—  


180  107.7  x  0.5664  _  ,  ,(( 
rc  1500 


Tuturial  Problems  Ni».  10.4 


L  A  current  transformer  with  5  primary  turns  has  a  secondary  burden  consLsung  of  ii  resistance  of 
0. 1 6  i  1  and  an  inducti  vc  reactance  of  0. 1 2i~L  When  primary  current  is  200  A.  the  nutguetjxtng  current 
is  1.5  A  and  the  iron-loss  component  is  0.4  A,  Determine  the  number  of  secondary  iums  ntieded  n.i 
make  die  current  ratio  100/1  and  also  the  phase  angle  under  these  conditions.  1407  :  0.275  | 

2.  A  current  trans! 'firmer  having  a  l-turn  primary  is  rated  al  500/5  A.  50  Hz,  with  an  output  of  I J  VA. 
At  rated  loud  with  the  non-inductive  burden,  the  in- phase  and  quadrature  components.  L  referred  tn  the 
Oux.)  of  the  e.nciting  ampere-turns  arc  8  and  10  respectively.  The  number  of  turns  in  die  secondary  is 
and  and  the  resistance  and  leakage  reactance  of  die  secondary  winding  are  0-35  £1  and  0.3  iJ 
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^respectively.  Calculate  the  current  ratio  and  the  phase  angle  error.  [?0l.u5/5:  OJW  | 

{Elm  few  arut  Mew,  M.S.  Univ.  Baroda,  \979) 
A  ring-core  current  transformer  with  a  nominal  r&iio  of  and  a  bar  primary  has  a  secondary- 
resistance  of  0.5  fl  and  negligible  secondary  reactance.  Trie  resultant  of  die  magnet] sing  and  irotv- 
losss  components  of  the  primary  current  associated  with  a  full-load  secondary  current  of  5  A  in  a 
buden  of  1.0  fl  (non-inductive)  is  3  A  at  a  power  factor  of  0,4,  Calculate  me  true  ratio  and  I  he  phase- 
angle  error  of  the  transformer  on  full -load.  Calculate  also  'he  total  flux  In  the  core,  assuming  I  hat 
frequency  is  SO  Hz.  1501,2/5.  II 314  ;  33?  tiWh| 

A  current  iransibmcr  has  a  single-turn  primary  arut)  a  200-tnra  secondary  winding  "The  secondary 
supplies  a  current  of  5  A  to  a  non-inductive  burden  of  I  fl  resistance,  the  requisite  flu \  is  set  Up  in  die 
core  by  80  AT.  The  frequency  is  50  and  the  net  cross-section  of  the  core  is  10  cm3.  Calculate  ttm 
ratio  and  phass  angle  and  the  flu*  density  in  the  core, 

I2H0.64;  4  IS"  0.07V  Wh/ni1!  ilifccinctii  Measuremrm,  Oxmtmiu  Unh.  /07$) 
A  potential  transformer,  rario  tUUUntXl-V.  has  the  following  constants  - 
primary  resistance  =  94.5  SI :  secondary  resistance  =  O.Kfi  ii 
primary  reactance  =  66.2  SI ,  equivalent  reactance  =  66.2  D 
magnetising  currcnl  =  0.02  A  at  0.4  p  i. 
Calculate  ( f)  the  phase  angle  at  no-load  between  primary  and  secondary  voltage*  i  ii)  die  load  In  VA  at 
u.p.f.  at  which  the  phase  angle  would  be  zero.  |u'i  u  4'  ifji  18.1  V  A| 

(MUKCITVE  TESTS— 10 


1,  The  JsWh  meter  can  be  classficd  as  a/an-in- 
sirumenl  : 

(a)  deflecting  (£>  digital 

Ut   recording  (d'i  indicating 

2,  The  moving  system  of  an  indicating  type  of 
electrical  instrument  is  subjected  to  : 

(«)  a  deflecting  torque 
it?)  a  controlling  tsifque 
|<  j   a  damping  Torque 
Uh  all  ol  the  above 

3,  The  damping  force  acts  on  (he  moving  system 
of  an  Indicating  instrument  only  when  it  is  : 
fa)   moving  ib)  stationary 

U"  >   near  ils  lull  deflection 
If/)  jusi  starting  to  move. 

4,  Tlte  most  efficient  form  of  damping 
employed  in  electrical  instruments  is  ; 

(ii)   air  friction 
I  b  i   fluid  friction 
tr)  eddy  currents 
iff j   none  of  ihe  aliove. 

5,  Moving  iron  instruments  can  be  used  for 
measuring  ; 

in)   direct  currents  and  voltages 
im   alternating  current  and  voltages, 
(el   radio  frequency  current-i 
itti  both  [fO  and  tfel 


ft.  Perrtnarient-magnel  movmg-coil  amrtteiere 
have  lujifonn  scales  because  : 
id)  of  eddy  current  damping 
ii)   they  arc  spring-^controSled 
tc'>   their  deflecting  torque  varies  directly  its 

current 
id)  both  ib)  and  (cl. 

7,  The  meter  that  is  suitable  for  only  direct 

,  urrenl  meJisUrLitWia:-,  !■- 
su>  tnovLng4ron  type 
{b)  permanent-magnet  type 
(cj   eicctrodynamic  lype 
id)   hoi- wire  type. 

8.  A  moving  coil  voltmeter*  measures — 
in. I   only  a,e.  vo!iagesi 

lb\   only  d.c.  voltages 

(e)   both  a_c.  and  d.e  voltage  a 

\  Principles  of  I'k-cL  hiijiu.  Uelhi  Univ. 

June  19851 

t.  The  reading  of  the  voltmeter  in  Fig.  10.9 1 
svuuld  be  nearest  tu-volt 
in)  80 

Efe)  120 
ic)  200 


Rd 

«Mt- 
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10.  The  hot-wire  ammeter . 

ii  used  only  far  dc.  circuits 
(fri  is  a  high  precision  instrument 
(<■)   is  Used  only  forae  circuits 
i.j'i    n-.ul-  k-4.jlii.ilj>  well  Oil  tlx.  utldAjr  u.s. 

circuits. 


FIr.  1M2 


II.  In  Fig  meter  No.  1  is  a/an 

ia)  frequency  meter  (fri  voltmeter 
(£■)   WBttmeter  (</)  ammeter. 

Ii  Which  of  the  folio  wing  ammeter  wil  I  be  used 
to  measure  alternating  currents  onh  ? 

(a)  electrodyrtomic  type 

(b)  permanent-magnet  type 
lit  induction-type 

id]  moving-iron. 

I  *    Dumping  torque  in  tin  indicating  insirutncm 
is  always — 

[a]   opposite  to  deflection  torque 
ib\   in  the  same  direction  as  the  controlling 
tongue 

(c)  opposite  to  the  direction  ol  motion  of 
moving  system 

(d\   opposite  to  the  control  ling  torque, 
i Principles  of  Ivleii.  I  neat.  IMhi  I  niv. 

|nl>  !9KJi 

14.  Mark  the  WRONG  statement   In  induction 
type  kWh  meters : 
(til  their  is  no  control  spring 
ib i   there  Is  a  brake  magnet 


id-j   the  Jisl  revolves  continuously 
id)  the  disc  stops  when  braking  torque 
equals  deflecting  lofquc- 
15.  lnduciion  insiruments  have  found  widest 
application  as 

(uj  voltmeter  tin  ammeter 

U  I   irqueney  meter 

td")  watthour  meter 
Ift.  Which  of  the  following  instruments  has  its 

reading  independent  of  the  waveform  and 

frequency  of  the  a.c.  supply  ? 

(at  moving-iron  lb)  hot  wiie 

{*',)   induction  Id)  electrostatic 

17.  Which  of  the  following  instruments  is  equally 

accurate  on  Ac  us  well  us  uc  circuits  .' 

tii)  dynamometer  wattmeter 

i.Aj  movmg-mm  ammeter 

{ri  PMMC  voltmeter 

(j/j   induction  wunmeier 
IN.  Induction  watthoui  meters  are  Iree  Irom- 

errore  : 

ta)   phase  |  b  I  creeping 

(c)   temprcalurc  id)  frequenes 

IV.  The  main  purpose  of  using  instrument 
transformers  in  a.c  measurements  is  to 
f  a  I   reduce  the  possibility  of  shock 
ib)  extend  the  range  of  as  instruments 
1 1  i   provide  high  transformation  ratio 
>.h  eliminate  instrument  correction*. 

Zi).  A  current  transformer  has  «  single-ium 
primary  .tnd  m  ZtHMum  set  nndary  "nil  is  used 
to  measure  a,c.  current  with  the  help  of  a 
standard  5-A  ax.  ammeter  This  arrangement 
measure  a  line  current  of  upu>— ampere. 
i«i    \\m  -      \b)  5000 

(c)  40  td)  200 


"  or     'i  f.i     !■•  si     »        'i  nt    t>  a     r  n     '  vi     ■  ti    -'  ii 

P  01       >%       <?  ■«       ?  'i.       P  '9       Pi  .t  '*%       Pi       -'  I 
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A.C.  FUNDAMENTALS 


1 1. 1.    )  itntr;ii:i>n  itt  AlUrniiltnu  \  ullages  and  Current! 

Alternating  voltage  may  be  generated  hy  rotating  a  coil  in  a  magnetic  field,  as  shown  in  Fig. 
1 1  I  ta)  or  hy  rotating  a  magnetic  field  within  a  stationary  coil,  as  shown  in  Fig.  1 1.1  (b). 


M.ilor 


«  liK.  11.1 

The  value  of  One  voltage  generated  depends,  in  each  case,  upon  the  number  of  turns  in  the  coil, 
>trenglh  of  die  field  arid  die  speed  at  which  the  coil  or  magnetic  field  rotates.  Alternating  voltage 
may  he  generated  m  either  •  >I  die  iwo  ways  shown  above,  hui  rotating-liekl  method  is  the  out-  which 
is  mosdy  used  in  practice. 

ILL    Fqtwtiiins  of  the  Ulernutinu  \  nlLi^es  and  Currents 

Consider  a  rectangular  coil,  having  N  turns  and  rotating  in  a  uniform  magnetic  field,  with  an 
Y  angular  velocity  of  ta  radian/second,  as  shown  in  Fig. 

1 1. 1!.  Let  time  be  measured  from  the  Jf-axis.  Maximum 
flux  <t>m  is  linked  with  the  coil,  when  tts  plane  coincides 
with  the  \-;i\iv  In  lime ;  seconds,  this  coil  rotates  through 
an  angle  8  =  ti>  r.  In  this  deflected, position,  the  compo- 
nent or  the  flux  which  is  perpendicular  to  the  plane  of  the 
coil,  is  4>  =  *t>w  cos  ta  f  Hence,  flu.x  linkages  of  the  coil  al 
anv  time  are  Ar  4>  =  N  4»  cos  ta  /. 

*  ■ 

According  to  Faraday's  Laws  of  Electromagnetic 
Induction,  the  c.m.t  induced  m  the  cod  tk  given  by  the 
rate  of  change  of  flux -linkages  of  the  coil.  Hence,  the 
value  of  the  induced  c.m.f.  at  Lhis  instant  (Le.  when 
8  =  ta  f>  or  the  instantaneous  value  of  the  induced  c  m.f. 
is 

c  =  -—  1 N  <Pl  vol  I  =  -  N.— (Q>   cos  uif)  volt  =  - JV*„  id  (- sin  um)  volt 
di  tit  m 

-  at  S      sin  tor  volt  =  <u  A'      sin  8  vnlt  ..,(0 

When  the  coil  has  turned  through  W  t«,  when  ft  =  90°,  then  sin  8  =  I .  hence  t  has  maximum  value. 
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say  Em.  Therefore,  from  Eq.  U)  we  gel 


-  in /V*  -mNB 


A  =  2  nfNBmA  volt 


where 


2 


Bm  -  maximum  flux  density  in  Wb/m" ;  A  -  area  of  the  coil  in  m 
/  -  frequency  of  rotation  of  the  coil  in  mv/second 
Substituting  this  value  of  Em  in  Eq,  (/>,  we  get  e  =  Em  sin  8  =  Em  sin  to  /  ...fm) 
Similarly,  the  equation  of  induced  alternating  current  is  r  =  /m  sin  u)  1  ...fit') 
provided  the  coil  circuit  has  been  closed  through  a  resistive  load. 

Since  fit  -  2icf,  where  /is  the  frequency  of  rotation  of  the  coil,  the  above  equations  of  tlie  voltage 
and  current  can  be  wnten  as 


*  -  Em  sin  2  nft  =  £n  sin 


If) 


and  I  ■    sin  2  jr/r  =  fm  sin 


(?) 


where  T  —  time- period  of  the  alternating  voltage  or  current  -  lif 

It  is  teen  that  the  induced  e.m.f.  varies  as  sine  function  of  the  time  angle  u>  r  and  when  e.m.f.  fit 
plotted  against  lime,  a  curve  similar  to  the  one  shown  in  Fig.  1 1J  is  obtained.  This  curve  is  known 
as  sine  curve  and  the  e.m.f.  which  varies  in  this  manner  is  known  as  sinusoidal  e.m.f.  Such  a  sine 
curve  can  be  conveniently  drawn,  as  shown  in  Fig.  1 1 .4.  A  vector,  equal  in  length  to  Em  is  drawn.  It 
rotates  in  the  counter-clockwise  direction  with  a  velocity  of  at  radian/second,  making  one  revolution 
while  the  generated  e.m.f  makes  two  loops  or  one  cycle.  The  projection  of  this  vector  on  F-axis 
gives  the  instantaneous  value  e  of  the  induced  e.m.f.  Le.  Em  sin  <o  f. 


t*. 

1  r  \ 

inn  n% 

— .ulf 

Cycle 

FifrUJ  Fig.  1 1.4 

To  construct  die  curve,  lay  off  lung  A'-axis  equal  angular  distance  oa,  ab,  be,  id  etc.  correspond- 
ing to  suitable  angular  displacement  of  the  rotating  vector.  Now,  erect  coordinates  at  the  points  u.  b. 
c  and  J  etc.  tFic.  1 1.4)  and  then  project  the  free  ends  of  the  vector  Em  at  the  corresponding  positions 
a'.  b\  r*.  etc  to  meet  these  ondinatcs.  Nest  draw  a  curve  passing  through  these  intersecting  points. 
The  curve  so  obtained  is  the  graphic  representation  of  equation  liVV)  above, 

IIJ.    Alternate  Method  Tor  the  Fqunliorts  of  Alternating  Voltages  and  (  urrenls 

In  Fig.  1 1.5  is  shown  a  rectangular  coil  AC  having  N 
turns  and  rotating  in  a  magnetic  field  of  flux  density  8 
Wb./m  .  Let  the  length  of  each  of  its  sides  A  and  C  be  / 
meter*  and  their  peripheral  velocity  v  metre/second.  Let  angle 
be  measured  Imrn  the  horizontal  position  from  the  X-n\v> 
When  in  horizontal  position,  the  two  sides  A  and  C  move 
parallel  to  the  lines  of  the  magnetic  flux.  Hence,  no  flux  is 
cut  and  so  no  e.m.f.  is  generated  in  the  coil. 

When  the  coil  has  turned  through  angle  9.  its  velocity 
can  be  resolved  into  two  mutually  perpendicular  components 
(0  v  cos  G  component-parallel  to  the  direction  of  the  magnetic 
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i  mid  uii  ■,■  tjn  component -pei pendicular  lo  the  direction  of  the  magnetic  flux.  The  e.mX  is 
generated  due  entirely  to  the  perpendicular  component  i.e.  v  sin  6. 

Hence,  the  e.m.f.  generated  in  one  side  of  the  toil  which  contains  N  conductors,  ox  seen  from 
Art.  7.7,  is  given  by,  t  =  rV  x  Bi  v  sin  9. 

Total  c.m.f.  generated  in  hoth  sides  of  the  coil  is 

f  =•  IBNi  v  sin  B  volt 

Now.  r  has  maximum  value  of  Em  (say  I  when  6  «s  90".  Hence,  from  Eq.  it)  above,  we  get. 
Em-2B,\!\  volt.  Therefore  Eq.  (/)  can  he  rewritten  as  e  =  Em  sin  6  ...as  before 

If  h  ■  width  of  die  coil  in  meters  ;  fm  frequency  of  rotiiiion  of  coil  in  Hz.  then  v  =  ji  bf 

Em  <=  IBNlxnbf^lpifNBA  volts  ...as  before 

Example  1 1.1.  A  ujtiarr  coti  of  /'*  cm  suit  unit  UMt  turns  it  rotated  at  a  uniform  .^n<cJ  oj  lOUfi 
mulimitu  per  mtmtie.  about  uti  tf.m  at  ngltl  angles  W  rr  nnifunn  tuuyi'itr  ficM  nj  tf.5  Wht'm 
LulttiUae  the  truitimhuietms  value  of  rlir  uuhiced  e.Iacimmauvr  force.,  M'/u?n  ilw  plane  of  the  cat}  in 
If.)  at  right  angles  u*  lite  ftetd (it  I  mi  the  plane  a}  the  field. 

iF.lt-ctr»maum'(ic  Theory.  A.MJ.F-,  Sec  B.  1992) 

Volution,  l  et  the  magnetic  field  lie  in  the  vertical  plane  and  the  ceil  in  the  horizontal  plane. 
Also,  let  the  angle  B  be  measured  from  X-axis. 

Maximum  value  of  the  induced  c.m.f..  E  =2nfNB  A  volt. 
Instantaneous  value  of  the  induced  e.m.f  e  -  Lm  sin  6 
Now/=  100/60  =  (50/3)  rps.  ,V=  100  Bm  =  0.5  Wb/m2,  A=  10":  rrf 
(i  J   In  this  case,  0  =  (T 

c  =  0  till  Here  0  =  90°,    .-.    e  =  Em  sin  90°  =  Em 
Substituting  the  given  values,  we  get 

e  =  2?t  x  (50/3)  x  100  x  0.5  x  I0"J  =5U  V 

11.4.   Simple  Waveforms 

The  shape  of  die  curve  obatined  by  plotting  the  instantaneous  values  of  voltage  or  current  as  the 
ordinate  again  si  time  as  a  abscissa  is  called  its  waveform  or  wave-shape. 


HR.  11.6 


An  altemaung  voltage  or  current  may  not  always  Lake  the  form  ol  a  systematical  or  smooth 
wave  such  as  that  shown  in  Fig.  1 13  Thus,  Fig..  I  I  d  also  represents  alternating  wa\es  Rut  while 
it  is  scarcely  possible  for  the  manufacturers  to  produce  sine-wave  generators  or  alternators,  yet  sine 
wave  is  the  ideal  form  sought  by  the  designer  and  is  the  accepted  standard.  The  waves  deviating 
I  mm  the  standard  sine  wave  are  termed  li>  distorted  waves. 

In  general,  however,  an  alternating  current  or  voltage  is  one  the  circuit  directum  of  which 
reverses  at  regularly  recurring  intervals 
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11.5.   C  omplex  VYm  (forms 

Complex  w  aves  arc  those  which  depart  from  the  ideal  sinusoidal  form  of  Fig  1 1 .4.  All  aitemai- 
ing  complex  waves,  which  air  periodic  and  have  equal  posilive  and  negative  half  cycles  can  be 
shown  lo  he  made  up  of  a  number  of  pure  sine  waves,  having  different  frequencies  but  all  these 
frequencies  are  integral  multiples  of  that  of  the  lowest  alternating  wave,  called  the  fundamental  (or 
first  harmonic)  These  waves  of  higher  frequencies  are  called  hannxim  -.  If  the  fundamental  fre- 
quency is  SO  H/  thou  if>e  I  requeues  of  the  second  ttarmimic  is  KXi  H/  and  of  the  ihird  is  150  H/  and 
so  on.  The  complex  wave  may  be  composed  of  the  fundamental  wave  lor  first  harmonic  i  ami  any 
number  of  other  harmonics. 

In  Fig  1 1  7  is  shown  a  complex  wave  which  is  made  up  of  a  fundamental  vine  wave  of  fre 
uueney  of  50  H/  and  third  harmoic  of  frequency  of  ISM  Hz  U  is  seen  lhn< 


C'«mpl*»  Witt 

(5t>  Hz) 


-tUu4iMnenul 
iSUHa) 


u.(i:  » 


Conplcx  Wave 
1*0  Hz) 

w  x -^Nrula  mental 

\  2nd  HimmnK 

IIOOH/l 

A    \  (l«3Htt 
"11  1)2 


(."timbinifd  W»»* 


3rd  lUmumiv 

*  isn  His 

— k.Tmw<S««unilsl  V 
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\i\  the  two  halves  of  the  complex  wave  are  identical  in  shape.  In  other  words,  there  is  m> 
distortion.  This  is  always  the  case  when  only  <>ilii  harmonic  (3rd,  5th.  7th.  sHh  etc.  I  are  present 
(i/i  frequency  ol  the  complex  wave  is      H/  m  the  vame  as  that  of  the  lundumciilal  sine  wave 

In  Fig.  11.8  is  shown  a  complex  wave  which  ts  a  combination  of  fundamental  *,mc  wave  ni 
frequency  50  Hz  and  2nd  harmonic  of  frequency  100  Hz  and  3rd  harmonic  of  frequency  ISO  H/ 
'^SLlOlTTlt  is'  seen  that  allhuugh  the  frequency  ol  the  complex  wave  even  now  remains  50  Hz,  yet 

in  the  I  wo  halves  of  the  complex  wave  are  not  ideniica!  It  is  always  so  w  hen  ncn  harmonics 
(2nd.  4th.  nth  etc)  are  present. 

Oil  there  is  distortion  and  grealer  departure  of 
the  wave  shape  from  the  purely  sinusoidal  shape. 

Sometimes,  a  combination  of  an  aliemating  and 
direct  current  flows  simultaneously  through  a  cir- 
cuit In  Fig.  1 1  q  is  shown  a  complex  w  ave  {contain- 
ing fundamental  and  third  harmonio  combined  wilh 
a  direct  current  of  value  llr  It  is  seen  that  the  result- 
ant wave  remains  andislorted  in  shape  but  is  raised 
above  liie  axis  by  an  amount  fp.  1l  is  worth  noting 
that  w tin  reference  to  the  original  axis,  the  two  halves 
ul  the  combined  w  ave  arc  not  equal  in  area. 

11.6.  Cycle 

One  complete  sel  of  posilive  and  negative  values  of  alternating  quantity  is  known  as  cycle- 
Hence,  each  diagram  of  Fig.  1 1.6  represents  one  complete  cycle. 

A  cycle  may  also  be  sometimes  specified  in  terms  of  angular  measure  In  that  case,  one  com- 
plctc  cycle  is  nid  to  spread  over  360°  or  In  radians 

1 1.7.  Time  Period 

The  lime  taken  by  an  aliemating  quantity  to  vomplctc  one  cycle  is  called  its  lime  period  T  lur 
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example,  a  50- Hz  alternating  current  has  a  time  period  of  1/50  second, 
11.8.  Frequency 

The  number  of  cycles/second  is  called  the  frequency  of  the  alternating  quantity.  Its  unit  is  hctu. 

tm. 

In  the  simple  2-pole  alternator  of  Fig,  24.1  (b),  one  cycle  of  alternating  current  is  generated  in 
one  revolution  of  the  rotating  Held.  However,  if  there  were  4  poles,  then  two  cycles  would  nave 
been  produced  in  each  revolution.  In  fact,  the  frequency  of  the  alternating  voltage  produced  is  a 
function  ol"  [he  speed  and  the  number  of  poles  of  lite  generator.  The  relation  connecting  the  above 
three  quantities  is  given  as 

/=  fWl20  where  N  =  revolutions  in  r.p.m.  and  P  =  number  ul  pules 

For  example,  an  alternator  having  20  pole?,  and  running  at  30(1  r.p.m.  will  generate  alternating 
voltage  and  current  whose  frequency  is  20  x  300/ 1 20  =  SO  hertz  IH7>- 

h  may  he  noted  thai  the  frequency  is  given  by  the  reciprocal  of  the  time  period  or  the  alternating 
quantity. 

/  =  [IT  or   T=  Iff 

ILV.  Amplitude 

The  maximum  value,  positive  or  negative,  of  an  alternating  quantity  is  known  as  its  amplitude. 
11.  lit.  Different  Farms  of  E.V1.F.  Equation 

The  standard  form  of  an  alternating  voltage,  as  already  civen  in  Art.  1 1 .2.  is 

e  -  E  sin  H  =  E  sin  til  t  =  E  sin  2  n  / f  =  E  sin  ; 
By  closely  looking  at  the  above  equations,  we  find  thai 

ti)  the  maximum  value  or  peak  value  or  amplitude  of  an  alternating  voltage  is  given  by  the 
coefficient  of  the  sine  of  the  time  angle. 

the  frequency  f  is  given  by  the  coefficient  of  time  divided  by  2il 

For  example,  if  the  equation  of  an  alternating  voltage  is  given  by  e  =  50  sin  3 1 4i  I  hen  its  maxi- 
mum value  of  50  V  and  its  frequency  is  /  =  314/231  =  50  Hz. 

Similarly,  if  the  equation  is  of  the  form  e  =  /  ^{R1  +4©Jf.2)  sin  2  m  /,  then  its  maximum  value 
is  Em  -  fm  yj\f[-  +  4tf>2l}  \  anil  the  frequency  is  2til/2ffi  or  iti/K  H?.. 

I.vamplt  UJ.  Ttie  maximum  values  of  the  alternating  vulture  and  current  are  40(1  V and  20  A 
respeenveh  i/\  a  i  ucmt  connected  to  Hz  xupptv  and  thr.se  quantities  urn  simtsotdui  Hie  instuit- 
tuiwtnts  valua  of  the  milage  and  current  arc  283  V  and  10  A  respcctrvely  at  I  =  0  both  increasing 

f  r  j    Write  dmcn  the  expression  for  vothtge  and  current  nf  time  S. 

ui>  ttetenmuc  the  power  consumed  in  the  circuit  1  Elect.  Filyy.  Pune  L  ntv.  1**85 1 

Solution.  (0  In  general,  the  expression  tor 
an  a.c.  voltage  is  v  =  Vm  sin  (<n  t  +  where  $  is 
the  phase  difference  with  respect  to  the  poini 
where  r  =  0. 

Now,  v  -  283  V  ;  Vm  =  4<W  V.  Substituting 
1  a  0  in  the  above  equation,  we  get 

283=  400tsiniux0  +  *)  .-.  sin*  =  400/283 
=  0.707;    .-.    $=45D   or   il/4  radian. 

Hence,  general  expression  for  voltage  i-. 

v  =  400  (sin  2n  x  50  x  r  +  nV4) 
=  400  sin  ( 100 11 1  +  n/4)  Elg.  11.10 
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Similarly ,  at  r  =  0,  !  0  =  20  sin  «u  x  0  +        .:    sin  4  =  0.5         *  =  30°    or    rt/6  radian 
Hence,  the  genral  expression  for  the-  current  is 
i '  =  20  (sin  100  n  i  +  30°)  =  20  sin  (lOOn  t  +  rt/6) 

(/;')  P  -  VI  cos  0  where  Vand  /  arc  rms  values  and  B  is  die  phase  difference  between  rhc  voltage 
and  current. 

Now.  V  =  V„!-Jl  f  400/^  ,  /  =  20/^2  ;  6  -  45"-  30°  =  15"  (See  Ftg.  1 1. 10) 

P  w  (400/^)  x  (20/s/2  \  x  cos  15*  =  3HM  \\ 

Kvamptc  ilj.   4«  alternating  enrrrni  nf  fretptcmy  <H)  Hz  /nxv  «  mwrmiiim  iw/wr  r»,f  A 
il  nrt*  i/mmti  fAr  equation  fttr  its  instantaneous  \,t!ui    Hevfunittg  twit- from  the  AMM  dkr  (  urrem  is 
Ztrfi<  iintl  is  heevmmg  piwfnv,  find  [a  I  the  instantaneous  value  after  t/jfjti  xmnul  unit  \in  the  tune 
u  ,k  1 11  f,>  rtvj.  fj  W»  ,\  ft  it  1  he  lint  lime. 

Soluti«n.  The  instantaneous  current  equation  is 


Now  when 
la) 


ib)  96 
or  sin  (360  x  6(1  x  o 


r  -   I  20  sin  2  Ti  ft  =  1 20  sin  1 20  ft  / 
f  =  1/360  second,  then 
I  a  120  sin  f  I2U  x  jr,  x  |/360> 
=  120  sin  <  120  x  180  x  1/360) 
=  120  Kin  60*=  103.9  A 
120  x  sin  2  x  180  x  60xx 

96/120=0.8  .".  360  x  60  x  t  =  sin"'  0  8  =  53*  (apprm  1 
t  =  8/2f^=  53/360  x  60  =  0-0O245  M-tnod. 


..angle  in  radians 
...angle  in  degree 

...angle  in  degree 


I  I.I  I.  Phase 

By  phase  of  an  alternating  current  is  meant  the  fraction  of  the  time  period  of  that  allemaimc 
currem  which  ha^  daspsed  since  [he  current  last  passed  through  the  zero  position  of  reference  F01 
example,  the  phase  nf  curreni  at  point  A  is  774  second,  where  T  is  lime  period  or  expressed  in  terms 
of  tingle,  it  is  rt/2  radians  (Fig.  11.11).  Similarly,  the  phase  of  the  rotating  coil  at  the  instant  shown 
in  Fig.  11.1  is  (u  t  which  is.  therefore,  called  its  phase  angle. 


i=0 


Fig.  11.11 

In  electrical  engineering,  we  are.  however,  more  concerned  with  relative  phases  or  phase  differ- 
ences between  different  alternating  quantities,  rather  than  with  their  absolute  phases.  Consider  two 
single-turn  coils  of  different  sizes  |Fig.  1 1, 12  {a)\  arranged  radially  in  the  same  plane  and  rotating 
with  die  same  angular  velocity  in  a  common  magnetic  field  of  uniform  intensity  The  e.m-fs.  in- 
duced in  both  coils  will  be  of  the  same  frequency  and  of  sinusoidal  shape,  although  the  values  of 
instantaneous  e.nxfs.  induced  would  be  diffrrcnL  However,  the  two  altemaung  e.m.fs.  would  reach 
ihe:r  maximum  and  zero  values  at  the  same  lime  as  slhiwn  in  Fig.  11.12  ibi.  Such  alternating  voltages 
(or  currents)  are  said  to  be  in  phase  with  each  other.  The  two  voltages  will  have  the  equations 


£„,  sin  to  /    and    e;  =  EmJ  sin  to  1 
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11.12.  Phase  DifTen.net 

No*,  consider  three  similar  single- turn  coils  displaced  from  each  other  by  angles  a  and  |1  and 


rotating  in  a  uniform  magnetic  Meld  with  the  same  angular  velocity  [Fig.  I  I.I 3  (</]). 


Fig,  1IJ3 

In  this  case,  the  value  of  induced  e.m.fs.  in  the  three  coils  an:  the  same,  but  there  is  one  impor- 
tant difference.  The  e.m.fs.  in  these  coils  do  not  reach  their  maximum  or  zero  value1-  simultaneously 
hui  one  after  another,  The  three  sinusoidal  waves  are  shown  in  Fig.  1 1 . 1 3  ii>).  Il  is  seen  that  curves 
B  and  C  are  displaced  from  curve  A  and  angles  P  and  (a  +  p)  respectively.  Hence,  it  means  that 
phase  difference  between  A  and  B  is  p  and  between  B  and  C  is  a  but  helween  A  and  C  is  (ct  +  p).  The 
statement,  however,  does  not  give  indication  as  to  which  e.m.f.  reaches  its  maximum  value  first. 
This  deficiency  is  supplied  by  using  the  terms  'lug'  or  'lead' . 

A  leading  alternating  quantity  is  one  which  reaches  its  maximum  lor  rero)  value  earlier  as 
compared  to  the  other  quantity. 

Similarly,  a  lagging  alternating  quantity  is  one  which  reaches  its  maximum  or  zero  value  later 
than  the  other  quantity.  For  example,  in  Fig.  II.  13  (bU  B  lags  behind  A  by  p  and  C  lags  behind  A  by 
(ct  +  P)  because  they  reach  their  maximum 
values  later.  ,  -  , — 

The  three  equations  far  die  instanta- 
neous induced  e.m.fs.  are  (Fig.  I  1.14) 

eA  =  Em  sin  to  t  ...reference  quantity 
?b  ~      *ui  (cm  -  p) 
<f  ■  Em  sin  [tor  -  (a  +  P)l 
In  Fig.  I  I.U.  quantity  B  leads  A  by  an 
angle      Hence,  their  equations  are 

eA  -  Em  sin  (H  I  ...reference  quantity 
eB  -  Em  sin  (tot  -  $) 
A  plus  t-H  sign  when  used  in  connec- 
tion wtdi  phase  difference  denotes  lead"  whereas  1  minus  (-1  sign  denotes  lag'. 

11,13.  Kfj*  it- Mean-Square  (R.M.S.l  Value 

The  r.m.s.  value  ol  an  alternating  current  is  given  by  that  steady  \dc.)  current  which  when 
fl<  rwmg  through  a  given  arc  nil  fur  n  given  lime  {traduces  the  same  heat  as  produced  by  the  alternat- 
ing current  >vhen  flowing  through  the  uime  circuit  far  the  same  time. 

It  is  also  known  as  the  effective  or  vfrtuat  value  of  Uiii  alternating  current,  the  fiirmerterm  being 
used  more  extensively.  For  computing  the  r  m.s.  value  of  symmetrical  sinusoidal  alternating  cur- 
rents, either  mid-ofdinate  method  or  analytic,  m  .nod  may  be  used,  although  lor  symmetrical  tun 
non -sinusoidal  waves,  the  mid-onlinatc  mcih<td  would  he  found  more  convenient 


— |  * 


Kit>.  11.14 
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\  simple  experimental  arrangement  For  measuring  ihe  equivalent  d.c.  value  of  a  sinusoidal 
current  is  shown  in  Fig,  11.15.  The  two  circuits  have  identical  resistances  but  one  is  connected  to 
killer  %  and  the  other  in  a  suiusoi- 
Jal  generator.  Wattmeters  are  used 
to  measure  heal  power  in  each  cir- 
cuit. The  voltage  applied  to  each 
circuit  is  so  adjusted  that  heal  power 
production  in  each  circuit  is  the 
same.  In  that  case,  ihe  direct  cur* 

rent  will  equal  ij^l  which  is 
called  r.m.s.  value  of  the  sinusoi- 
dal current. 


Hi:.  LLli 


1 1.14.  Mid-i>rdin;*U-  Method 

In  Fig  1 1 . 1 6  are  shown  the  positive  half  cycles  Tor  both  symmetrical  sinusoidal  and  iion-sinu- 
soidal  allcmaung  currents.  Divide  time  base  'i'  into  n  equal  intervals  of  tune  each  o<  duration  tin 
seconds.  Let  the  average  values  of  instantaneous  currents  durtng  these  intervals  he  respective  I  >  i, 
r:.  r  , ....  in  ii.e.  mid-ordiitates  in  Fie.  1 1  la).  Suppose  that  this  alternating  current  is  passed  through 
a  circuit  of  resistance  R  ohms.  Then, 


Heat  produced  in  1st  interval 
Heat  produce  in  2nd  interval 


Fig,  11.16 

0.24  x  Kf*  tf  Rih  kcal 
0J4  x  10~J  i;  Ri/ti  kcal 


Heal  produced  in  nth  interval   =  0.14  x  \U~'  r~  Ri/n  kcal 


i  :  1,7  =  I/4ZCX)  =  0.2-1  --■  Id" > 


Total  heat  produced  in  f  seconds  is  ■  0.24  x  10  Rl 


kcal 


Now .  suppose  that  a  direct  current  of  value  /  produces  the  same  heal  dirouah  the  same  resistance 
during  the  same  time  t.  Heal  produced  by  it  is  -  0.24  x  iH—  i'Ri  kcal.  By  definition,  the  two 
amounts  of  heat  produced  should  be  equal. 


0.24  x  lO'Vffi  =  0  24  x  10"J  Rr 


;,  +  /,  +  ...  +  ;, 


/  = 


=  square  mot  ol  the  mean  of  the  squares  ul  the  instantaneous  currents 
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Similarly,  the  r.m.s.  value  of  alternating  voltage  is  given  by  the  expression 


11.15.  Aimlvlieal  Method 

The  standard  form  of  a  sinusoidal  alternating  current  is  i  -  tm  sin  tor  =  lm  sin  0. 
The  mean  of  the  squares  of  the  instantaneous  values  of  current  over  one  complete  cycle  is  (even 
the  value  over  half  a  cycle  will  doj. 

Jo  (2lt-0j 


The  square  rool  of  this  value  is  =  Jl| 


r2"  r  t/e 


231 


Hence.  the  r.m.s.  value  fif  the  alternating  current  is 

I 

Now,  cos  29  =  I  -  2  sin1  9    .-.    sinJ  8  - 


L-cos  26 


I  = 


(i-cos2e>je  =. 


4% 


0 


sin  26  | 
2 


f*1 


w 

(VI 

Us  J 

.'.    I  =  -£=  =  0.707  / 
V2 

1 1 1" i ice,  we  find  that  for  a  symmetrical  sinusoidal  eurrent 

ron-s.  value  of  current  =  U.707  x  max.  value  of  eurrent 

The  rjn.s,.  value  of  an  alternating  current  is  of  considerable  importance  in  practice,  because  the 
ammeters  and  voltmeters  record  the  r.m.s.  value  of  alternating  current  and  voltage  respectively.  In 
electrical  engineering  work,  unless  indicated  otherwise,  the  values  of  the  given  current  and  voltage 
itre  ahvttvA  the  r.m.s.  values. 

It  si  soul  d  be  noted  dial  the  average  heating  effect  produced  during  one  cycle  is 

=  ^.(;m/v/2r/f  =  l/;« 

ILld,  R.M.S,  \  iditc  of  rt  CoiiipkA  vVavt  i 

In  their  case  also,  eitlicr  the  mid-urdinate  method  (  when  equation  of  the  wave  is  not  known)  or 
analytical  method  {when  equation  of  the  wave  is  known)  may  be  used  Suppose  a  current  having  the 
equation  1=  12  .tin  0V  *  f>  sin  (/kiJf  -  jtffi)  +■  4  it  (5oV+  Jti'i)  flows  through  a  resistor  ol  ft  ohm.  Then, 
in  the  ume  period  T  second  of  the  wave,  the  effect  due  to  each  component  is  as  follows  : 

Fundamental   (12/V2)'  fl'/  watt 

3rd  harmonic   <6/-Jl)2  RTwzn 


.lih  harmonic 


(4/J2)2  R T  watt 
Total  heating  effect  =  RT  [Ql'Jl)2  +  (St-Jlf  +  i4fjlf] 
If  /  is  the  r.m.s,  value  of  the  complex  wave.  Uien  equivalent  healing  effect  is  fRT 

t  -  yjuW-lif  +  16/^2  J1  +(4/-Jlf\  -  9.74  A 
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Had  there  been  a  direct  current  of  (say)  5  amperes  flowing  in  the  circuit  also*,  then  the  r.m.s, 
value  would  have  been 

-  J(l2  +        +  i.6/V2):  +{4/72)3  +5!  -  fO-53  A 

Hence,  for  complex  waves  the  rule  is  as  follows :  The  r.m,s,  value  of  a  complex  current  warn  is 
«/««/  ?o  tfif  Ji/wari?        o/fftc  ™m  of  the  squares  of  the  r.nts.  values  of  its  individual  components. 

11. J 7.  Average  Value 

The  average  value  la  of  an  alternating  current  MS  expressed  by  that  steady  current  which  transfers 
across  any  circuit  the  same  charge  as  is  transferred  by  that  alternating  current  during  the  same 
time. 

In  the  case  of  a  symmetrical  alternating  eurreni  [Li,  one  whose  iwu  half-cycles  are  esacily 
similar,  whether  sinusoidal  or  non -sinusoidal),  the  average  value  over  a  complete  cycle  is  zero. 
Hence,  in  their  case,  the  average  value  is  obtained  by  adding  or  integrating  the  instantaneous  values 
of  current  over  one  half-cycle  only.  But  in  the  case  of  an  unsynwiefricat  alternating  current  {like 
half- wave  rectified  current}  the  average  value  must  always  be  taken  over  the  whole  cycle. 

ii\    Mid-nrdinuU-  Method 


With  reference  to  Fig.  11.16,    lm,  - 


This  method  may  be  used  both  for  sinusoidal  and  non-sinusoidal  waves,  although  iL  is  specially 
convenient  for  the  latter. 
(Hi  Analytical  Method 

The  standard  equation  of  an  alternating  current  is,  i  ~  lm  sin  © 

f    =       z  ■/  -  m     untidtt  (putting  value  of  0 

r™      Jit  fJi-U)     n  Jo  ^ 


L 

K 


21*     !n  _  twice  the  maximum  current 


it      it/2  Jt 


-cosa|;  =  ^+i-(- 1) 
r    n  I 

lM  =  fj\ K  =  0.637  lm    .:    avunigt- \alue  t>feui  mil  =  v  in;t\iiiiinn  value 

Nutt-  R.M.S.  value  is  always  greaier  than  average  value  except  in  the  case  of  a  rectangular  wave  whet) 

both  are  rquul. 

11.18.  Form  Factor 

It  is  defined  as  the  ratio.  Kr=  —  n~  =  fl  ^      -  l-l  (for  sinusoidal  alternating  currents  only) 

*    average  value    11.637  IM 

(1.707  £ 

In  the  case  of  sinusoidal  alternating  voltage  also.  Kf=  p  §yj       =  '■' ' 

As  is  clear,  the  knowledge  of  form  factor  wit!  enable  the  r.m.s.  value  to  be  found  from  the 
arithmetic  mean  value  and  vice-versa. 

IIJ9.  Crest  or  Peak  or  Amplitude  Faetor 

h  .s  defined  as  the  ratio  K„  -  -axim"m         =  r-^ff  =  >/2  =  1. 414 1 for  sinusoidal  a.c.  only) 
*       r.m.s.  value  r„/V2 

£_ 

For  sinusoidal  alternating  voltage  also.  A'(T  =  — f-r-  —  1 .4 J 4 


The  equation  of  the  complex  wave,  in  thai  cu*c.  wnald  be. 
i'=  5*1-  sin  civ  t  6  Kin  (?<flt  -il/hf  »  4      (5ciu  -  jtf'i) 
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Knowlcdge  of  this  factor  is  of  importance  in  dielectric  insulation  testing,  because  the  dielectric 
stress  tti  which  the  insulation  is  subjected,  is  proportional  to  the  maximum  or  peak  value  of  the 
applied  voltage.  Tin?  knowledge  is  also  necessary  when  measuring  iron  Losses,  because  the  iron  loss 
depends  on  the  value  of  maximum  flux. 

h:\imipli-  11.4.  A:i  nth  #nu/MJ.v  furneut  van-in/:  smuvthbiSty  with  u  frequency  »t  5V  Hz  luu  an 
RMS  value  of  20  A.  Write  dawn  the  eqiudinn  fur  the  instantaneous  value  anil  find  tha  ndite  rr»J 
<)(K)2$  w.rni,i!  tin  0.0125  \cc,md  after  passing  iiirtHtgb  it  piwnve  maximum  \<alue.  Al  what  Htnc. 
mtmumtd  from  it  fKfititut  mutmm  v<ilitv.  will  tttc  kUtUimnnntt  current  be  14.14  A  * 

(Fleet.  Oiiwui  1  Allahabad  UnJv.  1MB] 

Solution.  Im  -  2cW2  *  28.2  A,  CD  =  2k  x  50  =  100  Tt  rad/s. 

The  equation  of  the  sinusoidal  current  wave  with  reference  to  point  O  (Fig.  I  LI 7)  as  zero  rime 
point  is  i  =  -H,2.  sin  1 00  TU  ampere 

Since  lime  values  are  given  from  point  A  where  voltage  has  positive  and  maximum  value,  the 
equation  may  itself  be  referred  to  point  A.  lu  the  case,  the  equation  becomes  : 
1  a  28.2  cos  100  xt 
\i)   When  f  =  tl.0025  second 

('  =  28.2  cos  lOOit  x  0.0025  2\S  2 

...angle  in  radian 

=  2%. 2  cos  I  (XI  x  1B0X  0,0025 

...angle  in  degrees 

-  28.2  cos  45°  -  20  A  ...point  B 
\\  hen  t  -=  (Mil  25  second 
i  =  28.2  cos  100  x  I 80  x  0.01 25 

=  28.2  cos  225"=  28.2  x  [-Usfz) 

-  -20  A  ...point  C 
Here   I  =  14.14  \ 


(  j  J  l 


""^OA 

f 
/ 
/ 
/ 

f 

\  U.14A 

1  \ 

1  l\ 
1  1  \ 

C 

A     8  D  \ 

<       |     /  " 

1  / 

AY  M  \ 
bif  K  \ 

A  -20  A 

4  —225* 

'J 

(Hit 


or 


Fifi.  I  LP 


14. 14  =  28.2 cos  100  >  ISO f 


cos  [M  X  180  t  = 


100  x  ISO  t  =  cos  '  <n.5)  =  <&Lf.t=  I/3W  second 


.point  D 


I  A.impk  U.S.  An  ulirrtiottnt;  WW90  "!  f'cqstcw-'  50  li:  luis  t>  maximum  luluc  o)  N9  (I 
Cahularr  (a)  its  vtitur  1/ftXi  second  iiprr  the  tiuuattt  ikt  nirri'iit  ri  irm  and  p  utlue  decretiun^ 
iheri-itucr/wai'ds  ih)  iuw  many  seconds  after  the  luMitut  the  current  i\  zcru  flMMimgl  thereafter 
M  until  Wdl  the  current  mum  iht  mhe  of #o.r>  A  ?    (Llecl.  TcrhnoloEj.  Alluhubud  L  ni>.  IWI 1 

Solution.  The  equation  of  the  alternating  cur- 
rent (assumed  sinusoidal}  with  respect  to  the  origin 
OtFig.  I  UK)  is 

i  =    100  sin  2*  x  50r  -  100  sin  100  ra 

(a  1  It  should  be  noted  that,  in  this  case,  time  is 
being  measured  from  point  A  (where  current  is  ieto  q 
and  decreasing  thereafter!  and  not  from  poiiu  O, 

If  the  above  equation  is  10  be  utilized,  then,  this 
time  must  be  referred  to  poini  O.  For  this  purpose, 
hail'  rime -period  i.e.  1/1 00  second  has  to  be  added  to 
I  /600  second.  The  given  lime  as  referred  to  point  O 
becomes 


t.t .  h'undamvntuts 
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loo  +  m\ 


600 


second 


.'.    /  =  100  sin  100  x  180  x  7/600=  100  sin  2(0" 

=  100  x-  1/2  =  -50  A 
(01  In  this  case,  the  reference  point  is  O. 
. .    86,6  =  100  sin  100  x  1 80  /    or    sin  18,000 1  =  0,86* 
or    1 8,000  f  =  * j  n~ 1  (0  $66)  =  60"    . .    f  =  60/ 1 8,000  =  1 1M  H  sct«jnd 

F  \ampk'  1 1  j6-  CaL  ulute  the  r.rn.x  mint, 
tht-  form  tut  tor  urtil  peak  fin- tor  iif  o  pciwdir 
ttttttg*  luii'iiiH  the  following  wilnt'\  tht  eoutil 
titfw  tnwiTttls  i  liLi/tgiM',  \uddvnh  frtmtmt  value 
to  the  unr  0.  5,  10. 20. 50,  60.  50, 20.  10,  5,  t), 
-5- -JO  \'4'lr  Whist  w  ould  he  the  r.in.x  mtitt  ct 
fine  hthv  tim  ing  the  \uttu- pi-tik  vithte  ' 

Sululinn,  "Hit!  waveform  ijf  ihe  alternat- 
ing voltage  is  shown  in  Fig,  11.19,  Obviously, 
sL  as  riot  sinusoidal  bui  it  is  symmetrical.  Hence, 
though  r.m.s  value  may  be  full  one  cycle,  the 
average  value  has  necessarily  10  be  considered 
for  half-cycle  only,  otherwise  the  symmetrical 
negative  and  positive  half-cycles  will  cancel 
each  other  out 


,poiiil  B 


Fig,  11.19 


Mean  value  of  v2  =  — 


+  5  +  10'  +  20'  +50'  +  60'  +  50*  +  20'  +  10'  +  5 


.'.    r.m.s.  value  =  >/965 

Average  value  ('half-cycle)  =  - 

_      ,  r.m.s.  value 

hfjrm  i  actor  = 


10 

SI  V  lappntvi 

0  +  5  + 10  +  20  +  50  +  60  +  50  +  20+  10  +  5 
10 

~  -  i.3?.  Peak  faelirr  =  60/31  =  2  lappn 

42,2  V. 


=  %5  V 


=  23  V 


average  value 

R.M.S.  value  of  a  sine  wave  of  the  same  peak  value  =  0-707  x  60 ; 
AllL-mutive  Solution 

11  Y  be  the  regular  time  internal,  then  area  of  the  half-cycle  is 

=  (5/  +  10/  +  20f  +  50/)  2  +  60f  -  230r,  Base  =  10/  a  Mean  value  =  230//10/  -  23  V. 

Area  when  ordinate*  are  squared  =  {25'  +  lOOf  +  400f  +  2500/)  2  4  3600f  =  9650/.  Base  =  J  Of 

,V    Mean  height  of  the  squared  curve  *  9650// 10 1  =  965 

r.m.s.  value  =  >/%5  =  31  V 
Further  solution  is  as  before. 

Example  11.7.  Colcuhitc  the  reading  which  will  be  ytvrn  lg  ti  knt-wire  uthinewi  ii  u  i.\  con- 
nected acwHi  the  terminals  <<I'li  generator  whpte  voltage  \m^vfarn\  i\  noie  n-nted  hv 

V  =  200  sin  (at  +  100  \in  "(ii/  ♦  $0  mh  Vur 

Sniuimn.  Since  hot-wire  voltmeter  reads  only  r.m.s  value,  we  will  have  to  find  the  r.m.s.  value 
of  the  given  voltage.  Considering  one  complete  cycle. 


R.M.S.  value 


f'dfl     where  0  =  (Of 
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or  V2  =       f  11  t200  sin  6+100  sin  36  +  50  sin  50r  fffl 

2n  Ju 

-   J_  f *  <200:  si^6  +  1 003  sin3  39  +  501  sin:  50 

+  2  y.  200.  ]  00  sin  ft  sin  30  +  2  x  100,50  sin  39.  sin  50 
+ 1 X  50.200.  sin  58 .  sin  01  d% 

2ir^   2        2      1  i 
V  =  ^/26^50  -  1*2  V 
Alternative  Solution 

The  r.m.s.  value  of  individual  components  are  (  200/72  ).  C  ]  (KW  ^2  }  and  (50/  J  2  1-  Hence,  as 
stated  in  Art.  11.16. 


V=  Jvf  +VI2+V/    =  ^(IWfJzf  *  0  00/^2  >2  +  (50N2)-  =  1 62  V 

II  JO.  R.M.S.  Value  ol  HAN.  Rectified  Alternating  C  urrent 

Half- wave  (H.W.)  rectified  alternating  current  in  one  whose  one  haif-cycle  has  been  suppressed 
i.e.  one  which  flows  Tor  half  the  time  during  one  cycle.  It  is  shown  in  Fig.  1 1.20  where  suppressed 
half-cycle  is  shown  dotted. 

As  said  earlier,  for  finding  r.m.s.  value  of  such  an  alter- 
nating current,  summation  would  be  carried  over  the  period  i 
for  which  current  actually  flows  te.  from  0  to  it,  though  it  ' 
would  be  averaged  for  the  whole  cycte  foft  from  0  to  In. 
R.M.S,  current 


=  f(l- cos  26)^8 


s  ■ 


sin  20 

2 


11.21.  Average  Value  of  H.W.  Reetilled  Alternating  Currenl  , 

For  the  same  reasons  as  given  in  Art.  1 1.20.  integral  ion  would  be  carried  over  from  0  -  % 

Ja  2je    2n  h 


-  ^L|-eOs0|"=^x2  =  ^ 
2ft 


»    2ji  ft 
11.22.  Innii  I  iitlnr  >-l  H.W.  Rtiiifiud  Alltniittiny  Currenl 

Form  factor  =  — — —  : —  =  ~T~T  ~  \  =  1-S7 

average  value     /oi/rt  2 

Rxample  1 1.8.  Att  idternuiing  voltage  e  =  200  sin  ?!4t  is  applied  la  a  device  wltii  h  offers  an 
{think  rvsiictanee  <'f  20il\o  the  flaw  uj 'current  in  one  direction,  while  preventing  the  flow  nf current 
in  vpftmtbe  tErectian.  Calculate  KMS  •  aliu:  average  value  antlform  [actor  for  the  current  over  tine 
ncle  (Elect.  Kngg.  Naguur  Univ.  1992) 


A.C  Fundamental', 


43  V 


20  V 


Solution.  Comparing  the  given  voltage  equation  with  Lhe  standard  Form  of  alternating  voltage 
equation,  we  find  thai  Vm  =  200  V,  R  =  20  fi,  !m  =  200/20  =  10  A.  For  such  a  half-wave  rectified 
current,  RMS  vaJue  =  IJ2  =  10/2  =  5 A. 

Average  current  -  IJn  m  10/it  =  3,18  A  ;  Form  factor  5/318=1 .57 

Kxuniph'  1 1.9.  Comi/ute  the  average  and  effective  value*  of  the  square  whage  wtill  xhtwn  in 
Us.  ItM.  vt 

Mihiiion.  As  seen,  for  0  <  S  <  0.1  i.e.  for  the  time 
interval  0 to 0. 1  second,  i'  =  20  V.  Similarly,  for 0. 1  <r  t< 
0.3,  v  -  0,  Also  time-period  of  the  voltage  wave  is  0.3 
second. 

-       (20  x  0.1)=:  6.67  V 

V1  =  J;  fr  1 2dt   -  -J-  f '  202  dt  =  -J-  (400  x  0. 1)  =  1 33.3;  V  =  1 1 J  V 
/  Jo  0-3  Jo  0.3 

kxumule  1 1.10.  CVi  tilate  the  RMS  vtihte  oj  the  function  shown  in  Fig,  i  /_Z2  {f  it  is  given  thai 

for ft  </ < ft i,  »  *  /ft  /  -  t  "A* J  Mrf  »./</<  ft' 2.  y  =  W«  * r " " • " 


ft.  I     B.2    0.3     n.4  ■ 

■ii-LLHldS 

Fig.  11.21 


Solution. 


II  . 


0.2  LJu  Jo.  l  J 


0       0,1      0.2      0.1  0.4 
1  (seconds!   

Fir.  11.22 


=  J_ [f'looa  +  e-^-^-^M^r 

0.,  J(M 

=  sool^o.oo^-21*  +  0.02^  j| '  f[-o.oe-|W'-w,]|] 

=  50o|(o. 1  -  O.OOSf-20  +  0.02e_L0 )-(0- 0.005  +  0.02)]  +  [(- O.Oli-""1 ) -  (-0.01  )]} 

=  500  x  0.095  =  47.5    .-.  ^=,^5=6.9 

l.xumplt*  1 1.1 1.  The  iitilf  cwtr  ■  </  im  aliernutin^  ainntil  in  ti\  folhw,  .  It  ftu  MHi  1 1  i  itni  format  \ 
from  ;rrn  ut  ft*  ft*  Fm  <•#  af.rrmuittt  CtinHntii  farm 
a"  f  rftti  -  ut)"  derreuje\  untfonmiiv  from  Fll{  at  I  /<W  -  alf 
f«>  Zt'fW     itiW.  Cillcuhile  the  ait  ra^e  ,tnd  effective  values  /| 


the  signal. 


(Fleet.  Science- I.  Allahabad  I  iiiv.  1992 I 


Ifl-n) 


Fig.  11.2.1 


Solution.  For  Mndina  rhc  average  value  wl>.  utuild  lind 
the  total  area  of  the  trapezium  and  divide  it  by  K  (Fig.  1 1 .23 1. 

Area  =  2x4  (JAE  +  rectangle  ABDL  -  1  *  fl/2)  x  Fjna  "iJJj  « 
+  (rc-2ai  Fm  =m-a)  Fm 
average  value  b  (ji  -  a)  FJts 

F  ->  F  ~ 

RMS  Value  From  uimilar  triangles,  wc  eet  Jl=_sl  or    v2  H2 

e     «         '  a! 

This  gives  the  equation  of  the  signal  over  tiie  two  triangles  (M£  and  DBC.  The  signal  remains 
constani  over  the  anglt  o  b.>  lit  -  ti)  (>.  over  an  angular  distance  of  (rc  -  ri)  -  a  =  ( it  -  2a) 
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Lftctrica!  Teehnaiogy 


Sum  of  the  squares 


a-  J* 


do  +  rjn  -  la)  rjx  -  AaJi). 


The  mean  value  of  Lhe  squares  is  =  L'j£tj^^&jp  /rj  ||_  J^j 


MT1.S, 


(■Asiinple  11.12.  Find  the  average  and  r.m.  ?  rufwr.v  <</  t/w  u  r  voltage  wltuxf  wawfom  k  given 
in  Fir  1124  M 

SttluJHtn.  it  it  seen  [(Fig,  1 1,24  (a) J  that  the  time  period  of  the  waveform  is  5s,  For  finding  the 
average  value  of  the  waveform,  we  will  calculate  the  net  area,  uf  the  waveform  over  one  period  and, 
then  find  its  average  value  for  tine  cycle. 

A]  =  20  x  1  =  20  V- s.  A.,  =  -  5  x  2  =  -  10  V  -  s 
Net  area  over  the  full  cycle      -  A,  +  A,  =  20  -  JO  =  10  V  -  s. 

Average  value  =  10  V-s/Ss  =  2  V. 
Fig.  1 1.24  ib]  shows  a  graph  of  v:  it).  Since  the  negative  voltage  it  also  squared,  it  becomes 
positive. 

Average  value  of  the  area  -  400  V^k1s+25V^x2s  =  450  V1  -  ».  The  average  value  of 
the  sum  of  the  square  =  450  V*Mf5it  ~  90V3  rm*  value  =  jSo^  -  9.49  V, 


HI) 

•2(1  V 


v 


2  4 


5  (\ 


490V* 


19  II 


2AV 
0 


12        4    1    t   7        9   10  II  13. 


FiR.  11.24 

txumplt  1 1.13.  What  is  tlie  fignificuiue  tifthe  r  in.s  and  average  value*  vf  a  \v<ive  '  fktetmine 
the  r.m.s  and  average  value  a{  thv  navefvrni  v/rmvfr  in  ftf*  11.25 

I  Elect.  Technology,  Indorc  llniv„  luR4j 

Solution.  The  slope  of  Lhe  curve  AB  is  BC/AC  =  20/T.  Next,  consider  the  function  y  ai  any  time 
t.  It  is  seen  that  DEIAE  =BCIAC=  WIT  y 

or  <y-lOW  -  IQfT 

ut  y  »  I0  +  fl0/7)r 

This  gives  us  lhe  equation  for  the  funetion  for  one 
cycle. 


1 1 


t 


T  2T 
— —  lime 


=  15 


Fip.  I iJS 


A.C.  I undameniah 

Mean  square  value  =  I y2dt  =  y ' )  & 
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r        3T-  7 


= 


700 
3 


or  RMS  value  -  10s/7/3  -  15.2 

F.Mimpte  11.14.  (■•■>  i>ii  i>>i<h  zoithil  cur 
rent  tWHUtf  Jbnil  of  Fie  I  (•-&■  determine  sin  ef- 
fective value. 

(Fleet  Technolnny.  \  ikmm  I  im.  Ljjuin 
1VH5.  Simihir  Fvuiipli,  Vi-jpnr  I  rtiv. 

Sal  II  Ban  For  0  <  i  <  37720,  equation  of  the 
LUTTent  can  be  found  from  the  relation 


20/. 


Fig.  11.26 


t    37/20  37 
When  J  TOO  <  r  <  77/20.  equation  erf  the  cur- 
rent  is  given  hy  i  -  fk,  Keeping  in  mind  the  fact  lhal  AOAIi  is  identical  with  ACDE, 


RMS  value  of  current  = 


1  [  finni  ,  firm  ,  1 
/2[  J"«i  J 


f  20/   T  r™w  2        ,  r 


dt 


•tig 


/  =  Vl,V5l./, 
Incidentally,  the  average  value  is  given  hy 

1   f    ;Jr/!D  flTIIU  1  iff 


II.T-5  / 


I  37 


\  t?rm 
Mi  +  /  J/ 


i 

t_ 

TJT70 

7 

2 

■< 

I'Aarnpli'  11.15.  A  \mu%oidai  alternating  voltage  of  110  V  is  applied  acms.\  n  nwYinif  i  ml 
ammeter ,  a  knf  \tire  ansmtler  and  a  hulf-nwr  m  tifter.  all  cnnttectetl  in  series.  The  tretifirritjfrnr 
N  remistme  of  25  11  in  one  directum  and  mtinitr  nrstMam  r  rn  opptmte  dimiton  Calculate  it)  the 
rrtuimy*  tm  the  ammeter*  til)  the  form  factor  ami  peak  factor  of  the  current  wave 

l Fieri.  Enmi.-I  Nutpur  llniv.  IW2t 
Solution.  For  solving  this  question,  it  should  he  noled  that 

la)  Moving-coil  ammeter,  due  to  the  inertia  of  its  moving  system,  registers  the  average  current 
for  the  whole  cycle 

(b\  The  reading  of  hoi- wire  ammciLT  is  proportional  to  the  average  healing  cffecl  over  the 
whole  cycle.  It  should  further  be  nolcd  thai  in  a.c.  circuits,  (he  given  volrage  and  current  values, 
unless  indicated  otherwise,  always  refer  to  r.m.s  values. 

Em  ~  1 10/0.707  =  155.5  V  (approxj  ;  1J2  =  155  J/25  =  6.22  A 
Average  value  of  current  fur  positive  half  cycle  -  (1.637  x  6.22  =  3.%  A 
Vtdue  of  current  in  the  negative  half  cycle  is  zero.  But.  as  said  earlier,  due  lo  inertia  of  the  coil. 
M.C.  ammeter  reads  ihc  average  value  for  the  whole  cycle. 

(0   M.C.  ammeter  reading  =  3  %/2  =  l.uK  \ 
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1  j_*r  R  be  the  resistance  of  hot-wire  ammeter  Average  beating  effect  over  the  positive  half  cycle 
is  |  /  ~  .  R  watts.  Bui  as  there  is  no  generation  of  heal  in  the  negative  half  cycle,  the  average  heating 

effect  over  the  whole  cycle  is  watt. 

Lei  /  be  the  d.c.  current  which  produces  the  same  healing  effect,  then 

frt*4£j!  &      /=/,,/2  =  6.22/2  =  3.1 1 A. 

Hence,  hot-wire  ammeter  will  read  3.1 1  A 


iit)  Fnrm  factor 


r.m,s  value   3.11      i  ^ 


J  .57  ;  Pfcai  factor  ~ 


max.  value  _  6-22 

in 


-  2 


average  value    1 .98  rms.  value 

Exmnple  1 1.16.  Find  the  furm-jatUtr  *if  iht  nwr'urm  $MH  ni  f's' 

[Nagpur  Iniversil)  Mm  tun  he  r  IV*»1.  Simlhir  example.  Sambulpur  I  niversity  l*W(5| 
Sulutkm. 

Form-factor  =  -  RMS  va,Uc  - 
Average  value 

Average  value  uf  the  current 


amp 


=  1/4  x  j  <50/4i  x  i  x  dt  =  25  amp 
Let  RMS  value  of  the  current  he  /  amp 


<l2.5xn  ,dt 


12.5  x  12.5  xr 
3 


=  (1/3)  x<  12.5  x  12.5x4x4x4) 


Thus  /  =  5£  28.87  amp.  Hence,  form  factor      ^  =1.1548 

&  25 
Kvamplf  11.17.  4  ludf-^tive  ri'i  tifiei  niiit'li  prevents  <  urrvnt  flawing  in  one  dim  tuin  u  con- 
nected in  torriti  with  an  a.t:  titnmeter  mid  <i  perttitmeut-tnugnvi  nun  m^-foti  timttwlfr.  Tttf  •nifiph  is 
smitwidiiL  TJie  reading  i>n  ih<  ii  ■  uniinricr  is  h)  .\  l  itut  the  muting  gnen  hv  the  inlter  ammeter 
What  stnndd  he  die  multugson  die  ammeters,  if  die  tnher  htdf  mive  v.  ere  ra  tified  in\tennd  ofheinv 
i  n/  nff  ' 

Solution.  It  should  he  noted  that  an  b.c.  ammeter  reads  r.m.s.  value  whereas  the  d.c,  ammeter 
reads  the  average  value  of  the  rectified  current. 

As  shown  in  An.  1 1.20  from  H.W  rectified  alternating  current,  /  =  1J2  and  lm  =  tm  in 

As  a.c.  ammeter  reads  10  A,  hence  r.m.s.  value  of  ihe  curreni  is  10  A. 

..    10  =  /„/2   a   /M  =  20A 

.     /  n  =         -  ti.Mi5  V  -  reading  of  dc.  ammcler. 

"flu:  full-wave  rectified  curreni  wave  is  shown  in  Fig. 
1 1 .28.  In  this  case  mean  value  of  F  over  a  complete  cycle  is 
given  as 

of  1*49      I   f*.|   ,  . 

Jo  2it-0    n  Jo  m 


r 

Q 


In 


J'"- 

Jo 


cos  26iWH- 


2n 


dV 

sin  26 


ii 


Fig-  1 1  OK 


■■    l  =  =20^  =  14.14  A  .'.  M  ammeter  will  read  14.14  \ 

Now,  mean  value  of  i  over  a  complete  cycle 


44J 


=  —     sin  OdB  =  —  -  cos  6  L  =  — it  =  ■  =  1 2,7 J  V 


i.C.  t  IMiliUlU- Milk 

2^  im  sin  QdQ 

This  value,  as  might  have  been  expected,  is  twice  the  value  obtained  in  the  previous  case, 
-,    d.c.  ammeter  will  read  12.73  V. 
Example  It.  18.  A  fidt-wmc  rectified  suutvutml  y  , 

voltage  i\  clipped  lit  //%/2  r>f     /mui/wi/n  value  Cal- 

ctitutr  tin  axfragt  ttnd  RMS  vatuei  of  ath  a  ri'ihwe  %s\ —  — 

v 

Solution.  As  seen  from  Fig.  11,29,  the  rectified 
voltage  has  a  period  of  ft  and  is  represented  by  the  fol- 
lowing equations  during  die  different  intervals. 

0  <  9  <  R/4  ;  v  =  Vm  sin  6 

n/4  <  9  <  3x/4  ;  V  =  VJ\f2  =  0,707 
3tc/4  <  B  <  n  ;    -  V_  sin  0 


Hg.  U-2S 


*         It  [Ju  Jr^  Jl* 

I  fr*74  r 
=    1     V'  sinOi/e+ 


1  J 


0.707  t'  i/6+ 

™  AM 


J^^stnOi/el 


-  ^[l-cos  flf4  +  0.707 4- 1-  cos  9^=^  (0.293  +■  1 .  1 1 1  +  0.293)  -  tt.5  J  \ , 


(0,707  VJfdQ+\  V-  sin'  0 rfB 
its*  ™  Jw4  m 


]  =  0.34l  Vj 


V  -  (1.584  V. 


L.vampli.-  J  1. 19,  A  deltiwd  /ii/f-iwrn-  n  iv/jin/  u>ui<,>iij(tl  current  tun  nil  Witiiajft  ftilin  equal  to 
halt  m  mmrnum  value   hind  thr  delay  an\>ir  8.  1  Haste  Circuit  Analysts.  Naupur  1'W2j 


Solution.  The  current  waveform  is  shown  in  Fig.  1 1  JO. 


Now, 


=  il 

n  Jrr 


/   sin  0  d6  =  —  (-  ens  rt  +  eos 
it 


/  / 

-=-(-  cos  it  -t-cos  &l  =  Li* 
It  5 


iaat 

00  ■n-fB) 


■  (itei 
Fig.  11.30 


cos  0  *  0.57.  0  -  cos  (0.57)  =  55.25" 

Example  1 1,20.   flit  wai-efurm  ot  jn  (»ti//N*  v  iurrw  ti  M  lfc0WN  m  Fftf  f/Jt/.  /'  i  mUMO 
ponton  of the  puiittve  htdf  lytlr  of u  siite  wove  /i*-fut<n  //ir  <wij|f/r  B  told  /W".   Determine  tfir 
efferlivr  volar  ft  v  6  =  _W  j 
[Elect.  Technology,  Vikram  Univ.  1984) 

Solution.  The  equation  of  the  given  delayed  half- 
wave  rectified  sine  wave  is  /  =  f^sin  tut  —  /^sin  0  The 
effective  value  is  given  by 


.  JffVje  or^^r  i 
V2t(Jb*  2s  JU 


r  sin"  owo 


4ti  Jfr/h  4n  1  2 


sin  26  T 


tiretricuf  Ttritnutngy 


m  0.242/; 

or     /  =  ^0.242/^  -  IU92  tM 

hxample  1 1.21.  (  uU  ttlcJh  rlu-  ftwmJtU  Hir"  itrui  ~pv»k  factor"  of  ike  xmr  wti\*  shown  in  i  m 

(Elect.  Technology-!.  C  «alior  l.'ni*.  l»HKi 

Solution.  For  0  <  8  <  n.  t  =  100  sin  8  and  for  it  <  8  <  2ji. 
i  =  0.  The  period  is  2ic 

I 


J-  jlOO  j|%in8  JeJ  =  31.8  A 


l  IIJ2 


/3- 


. .    form  factor  =  50/3 1.8  =  1.57  ;  peak  factor  -  I  00/50  B  2 

Exiunpie  11.22.  hitul  llu-  uveragr  and  efftvtn-r  '" 
ml**!  «V  vf^ro^'r  ■Jf  slmiMHiiftl  wawfirrm  xhown  in  Fig,  vv . 
UJJ. 

il.ka  Science!  VlLiuuhud  L'nJv.  1WI » 
Solution.  Although,  the  given  waveform  would 
he  integrated  from  re/4  to  it.  it  would  be  averaged  aver    (J  JJ" 
the  whole  cycle  heause  il  is  unsymmetriciil.  The  equa- 
lion  of  the  given  sinusoidal  waveform  is  i  -  UIO  mii  H 


Fig.  1 1 J  J 


V_  - 


r"  iini 


r  i 


2Jt  • 


■  cos  81,  =  27.2  V 


V2  =  XV  Mr\w2iiil&=—l}-»z^2Q)JB=  100 


4n 


4a 


sin  28 
2 


lOtr  f,    rt    I  1 


J*r.| 

V  =  47.7  V 

Example  1 1.23.  f'ltut  the  f.nu  lijij  avetugt  value*  /*(  ilw  uih  hhnii  ■••  ii.  rh'iii,  \li\fwn  m  Fix. 
ii  34  fttl. 

Vjlution.  The  required  values  can  be  found  by  using  either  graphical  method  or  analytical 
method. 

1  •  nphii ..!  Method  , 

The  average  value  can  be  found  by  averaging  I  he  function  from  I  -  f)  to  r  =  I  in  pans  as  given 
below  ■ 

1  fr  I 

Average  value  af  if)  =  —J    f(iidt=  ~-x  (net  area  over  unc  cycle  | 

NflW.  area  of  u  right -angled  triangle  =  i(/2)  x  (base)  x  f altitude). 
Hence,  area  ot  the  triangle  during  /  -  II  to  J  =  0.5  second  is 

4,  =  ^x{Ar)x(-2)  =  |x|x-2  =  -i 
Similarly.  area  of  the  mangle  from  7  -  0.5  to  /  =  I  second  is 

A,  =  ijttAl»X(+2)=  !x-!-x2=  i 

2  2    2  2 

1  | 

Net  area  from  r  =  0  to  f  =  1.0  iecofld  is  A,  +  A>  =  -  -  +    =  (I 

2  2 

Hence,  average  value  of/ in  over  one  cycle  is  zero. 


A.C.  Fmidumrtttuh 


44? 


Fw  finding  iIk-  r  m.>  \alue.  wc  v.  ill  firM  square  llse  ordinate*  of  the  given  function  and  draw  a 
new  plot  for/tr)  as  shown  in  Fig.  1 1  34  [b\.  It  would  be  seen  that  Ihe  squared  ordinaies  fmm  a 
parabola. 

Area  under  parabolic  curve  =  ^x  base  x  altitude.  The  area  under  the  curve  from  /  =  0  to  t  =  0.5 

second  is  :A,  =  -!Af)x2:  -1x1x4=  - 
'3  3   2  3 


411] 

/  1 

u  q 


!.5 


l  ie-  liM 

1 


Similarly,  for  f  =  0.5  to  I  =  1.0  second   A.t  a  2-<Ar)x  4  =  1x1x4=4 

3   3    2  3 

Tola]  area  .4,  +  .4-,  =  |  +  |  =  |.  r.nLs.  value  -  JI     /J{f)  rfr  -  ^/average  of  /:<f) 

r  m.s.  value  =  v/473  -  1.15 
Analytical  Mclluxt 

The  equation  of  the  straight  line  from  I  =  0  lo  f  =  I  in  Fig.  1 1.34  («)  is 
/(t)  =4f-  2;/ (J)  =  1GT-16/  +  4 


Average  value  |  C{At  -2)  *  =  -  !*  -  2f  =0 


r.m.si  value 


•  lii/,'  = 


3 


^-,f*-+4, 


=  |.I5 


F.xuitiple  1 1.24.  A  i  jfi  wrr  often  a  rtti$WH,ttf^$    in  (Mr  direction  and  ItUl  11  m  the  reverse 
•in a  turn,  A  unuMntitil  vottat;e  of  mu.utnum  value  2Mi  V  is  allied  to  the  alum- 1  m  mi  nt  wrie\  mill 
lei  ti  moving-iron  otntneter  {hi    a  ma\'tn$-i oil  ommeter 

fi  /  (i  minotif-ii'fl  trisnumiflt  Httli  .i  /tltl-uavr  rectifier    ul>    a  itunnti>-i  ml  omntclct 
Cahuluti  the  rcmlim;  »f  ecu  h  instrument. 

Solution,  lui  Tin:  deflecting  torque  of  an  Mfl  instrument  is  proportional  to  icurrenl)'.  Hence, 
its  reading  will  be  proportional  to  the  average  value  ol  t"  over  the  whole  cycle.  Therefore,  the 
reading  ol  Mich  an  instrument  : 


!(X)L    sin  201"  x  4  „    sin  20:' " 


=  -/2fi  =  S.l  A 


lb,  An  M/C"  ammeter  reudi.  the  average  current  over  the  whole  cycle. 
Average  current  over  positive  hall-cycle  is  =  10  x  U.637  =  6.37  A 
Average  current  over  positive  half-cycle  is  =  -  2  x  0.637  =  -  1.27  A 
Average  value  over  the  whole  cycle  is  =  (6.37  -  1.27V2  =  235  A 


4-ld  rJecirical  Trchn»U*K? 

u\  to  this  case,  due  to  the  ML- wave  rectifier,  die  current  passing  through  the  operating  coil  of 
the  instrument  would  flow  in  the  positive  direction  during  both  the  positive  and  negative  half  cycles, 
.-.    reading  -  16 37  +  ]  .27)12  -  XH1  A 

(o'l  Average  healing  effect  over  the  positive  half-cycle  is  -  —  l2R 

2 

Average  healing  effect  over  the  negative  half-cyelc  is  =  if  2R 

2  mi 

where     -  200/20  =  10  A;       =  200/100  -  2 .4 

Average  healing  efTecl  over  the  whole  cycle  is  ■  |^xlOzP+^-x2ix        -  ^  R 

If  /  is  the  direct  current  which  produces  the  same  healing  effect,  then 

I2  R  =  26  fi  .-.  /  =  V26  =5.1  A 

kvuinpk  1 1.25.  A  moving  cod  ammeter,  a  hut-wire  ammrttr  *md  <t  ratstame  o[  tOtl  LI  are 
connected  in  series  with  u  rci  lifytiix  devue  across  ti  sinusoidal  altcmatmi>  *uppl\  of  200  I'.  //  On 
«ff  i'nv  'ui  it  restxnmi  r  of  I  (Hi  LI  to  the  current  in  one  direction  and  LI  tn  current  i"  op/wMir 
direction,  calculate  the  raiding  of  the  two  ammeters. 

(Elect.  Th*nr>  and  Mtas.  Madras  Lnmrsit} ,  1**85 » 

Solution.  R  M  S.  current  in  one  direction  is  =  200/<  100  +  100)  =  1  A 

Average  current  in  the  firsl  i.e.  positive  half  cycle  is  —  1/L1 1  =■  0,9  A 

Similarly,  rm.s,  value  in  the  negative  half-cycle  is  =  -  200/f  1 00  +  500)  =  -  1/3  A 

Average  value  a  t-l/3>/l.ll  a  -0.3  A 

Average  value  over  the  whole  cycle  is  —  (0,9  -  03^2  -  0.3  A 

Hence,  M/C  ammeter  reads  0-3  A 

Average  heating  effect  during  the  +ve  half  cycle  =      xi?  =  /2xft  =  fi 
Similarly,  average  healing  ctTeci  during  the  -ve  half-cycle  is  =  (-1/3)1  x  R  =  RJ9 
Here.  R  is  ihe  resistance  of  the  hot-wire  ammeter. 

5R 
9 

If  /  is  die  direct  current  which  produces  the  same  hearing  efTecl,  than 

?  K  -  .\  I  -         =  0J45  A 

Hence,  hot-wire  ammeter  indicates  ti,745  A 

F.uimpk  I  1.26,  A  reniltunt  ■  nrrettt  trior  it  made  up  of  two  component*   u  5  1  d.<  <<  impatient 
ami  a  5(t-Hza.t  component,  which  is  of  wnmttuiai  waveform  and  which  hih  ii  minimum  \alite  of  5 A. 
ul  Draw  a  \icicli  of  die  n-iidlnnl  uave 

IjjI  Win  tin  timtivliat!  aancssiim  t\n  llu  current  nave,  reckoning  t  *  U  til  a  f>oin(  iclttt'i  tin 
<U  ci-iliptmritt  n  h/  :cn<  lohn  and  where  di/dl  i\  pnutivv 

\iirt  What  ii  ihe  jveru^e  vjluc  Df  the  resultant  current  over  a  cycle  n 

i iv i  Whni  f-  ihi.'  L'O'u'ilive  oi  r  m  s  value  of  (he  iculiant 
iinrrni  !  (Siniihir  Problem:  bombay  L  ni> .  (4461 

Solution,  (i)  The  two  current  components  and  resultant 
current  wave  have  been  shown  in  fig.  1 1 .35. 

tii>  Obviously,  ihe  instantaneous  value  of  the  resultant 
current  is  given  by  i  =  (5  +  5  sin  oj>)  =  (5  +  5  sin  6> 

(iir)  Over  one  complete  cycle,  the  average  value  of  the  al- 
ternating current  is  zero.  Hence,  the  average  value  of  ihe  re- 
sultam  current  is  equal  to  the  value  of  dc.  componeni  i.e.  5A 

0'vi  Mean  value  of  i~  over  eomplcie  cycle  is 


Average  healing  effect  over  ihe  whole  cycle  is  =  1  ^  +    J  =; 


/ 

* 

1 

I  .  ulMtl 

t 

DC 

V 

^  ^  

7  I 

Fig.  UJS 

=  ±-  f"\:je^-!-  f""(5+5 sin erde 

2k  Ju  2k  Jw 


.\.C.  FundaiHfttnt!\ 


4J7 


—  f*  (25  +  50  sin  8  +  25  sinJ  G)  d& 
..r.  In 


-  ^|^25  +  50  sin  8  +  25(^-^^|  d&=        "(37.5+5081  a  8- 12.5  cos  28) 


-t-  3.7JctMfl-50e^sin  28  trlM 
2n  I  2 


=  37.5  A     R  M  S.  value  /  =  S/37J=  6-12  * 


10  2s 

Nolr.  In  ernenti.  Icl  the  i/ombined  currem  be  given  by  t  ■*  A  *  fl  v  2  sin  tot  =  A  +  fl  >/2  sin  8  when:  .4 
represents  the  value  of  direct  current  and  b  the  r.m.s.  value  of  alternating  current. 
The  T.m.i.  value  of  combined  current  is  given  by 

=   1  -f"V  dG=  l-\2'iA*B<j2  sinO)1! 
r  Ju  In  J1.1 


L 


*  J-  ["* +  2B1  sin'  8  +  2^2  Air  sin 0)  </9  =  ^  f *  [A1  +  fl2  - S1  cos  28  +  Z  vl  Afl  sin} 

lit  Jll  iltJil 

-  ^[2jt43  +2n*3-2V2  2J4fi  +  2v/2/Wj 


B*  sin  28 


~"  ~-2>/2ABcos 

2 


11 


The  above  example  could  be  easily  soved  by  pulling  A  p  5  and  B  =  5  /  V?  (because       =  5) 

> 


U  =  vj5-+(.Vv/2):  =6.12  A 


kxtimplc  11,27.  Petcrmmr  tin  r  m  ■>  rutin'  •»/  r<  wmi- 
ctrcnltir  current  wave  which       u  maximum  vtitur  ttf  <j. 

Solution.  The  equation  nt  a  semi -circular  wave  (shown 
in  Fig.  tl  36|  is 


2       3        1  17  1 

x  *  v  =  a     01    v  =u  -  x 


JU  -  Jf  f  v1*  or  &  =  J-  fV  -  O  * 


Fir.  1 1M 


Example  I  \.1H.  t'utntlatt  the  r.m*  imd avemtfe  niliir  0}  tht  utlttiyr  <nt\r  tlltmn  m  Fit;  1 1.  f~ 

Solution.  In  such  cases.  t<  is  difficult  lu  devek>p  u  single  equation  Hence,  tl  is  usiii  tu  consider 
two  equations,  one  applicable  frnrn  n  In  I  and  an  "ther  form  I  10  2  millisecond. 

For  /  lying  between  0  and  I  ms,  v(  =  4,  For  1  lying  I 
between  I  and  2  ms,  1-,  =  —  4/  +  4  , 


16/ 


S6r 

3 


+  |  16/ 


32/" 

1 


rig.  I1J7 


us 
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,  i[,6,!MiL!£+,6„2_i6*l-£* 


4  .  32x1 


K_  -  V32/3  ■  3-265  vail 


<-4j  +4)</f  =4 


-4-f  H 
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TuIihtjI  Pmafem-t  No.  11.1 

1.  Calculate  ihe  maximum  value  of  the  c.m.f  generated  In  1  coil  which  i>  romtin}:  31  50  rev/s  in  * 
uniform  magnetic  field  of  0.8  WWm  .  The  coll  ts  wound  on  a  square  former  having  side*  5  cm  in  lenglh  anil  it. 
wound  with  300  cum*  I  INK  J  \  | 

2.  r  a  1    VV'hiii  j|  the  peak  value  of  a  sinusoidal  alternating  current  of  4  78  r  nu.  amperes  ? 
lift   What  is  the  rjn_s.  value  of  a  rectangular  voltage  wave  with  on  amplitude  of  9,S7  V  ? 

What  is  the  average  value  of  a  sinusoidal  alternating  current  of  31  A  maxmiuro  value  f 
An  altcnutung  currcni  has  *  periodic  time  of  0.03  second-  What  t*  its  frequency 
An  alternating  currem  ts  represerued  hy  1  -  70.7  sin  5211  j.  Determine  10  the  frequency  url  the 
currem  O.fJOIS  second  alter  passing  Lttnwgh  icro.  increasing  positively. 
|ft.7h  \  :  9.K7  \  ;  19.75  A  ;  JJJ  Hi ;  XI*  Hi .  49.7  \\ 

3.  A  sinusoidal  alternating  voltage  has  on  r.m.s.  value  of 
200  V  and  a  frequency  of  50  Hz.  It  crosses  the  zem  axis  In  ■ 
positive  direction  when  1  =  0.  Ortemunc  fn  the  time  when  volt- 
age first  reaches  the  instantaneous  value  of  200  V  and  Uii  the 
lime  when  voltage  after  passing  through  its  maximum  positive 
value  reaches  [he  value  of  14 1 .4  V*. 

|ui  (0.0015  wnntl  lark  1/300  wcondtl 

4.  Bnd  the  form  f*cwr  and  peak  factor  ot  the  triangular 
wave  shown  m  Kij!  11.38  I  I. If-":  1.732 1 

5.  An  alternating  voltage  of  200  sin  47 1  m  applied  to  a 
hw.  rectifier  which  is  in  series  v*nh  a  resistance  of  -Hf  i J   tl  the 

resistance  of  the  tecttliei  is  infiniie  in  one  diicclioii  jiiJ  /en>  111  the*  other.  :iiiJ  the  r.m.s.  vulue  of  the  currerii 
drawn  troni  the  supply  source.  1 2.5  \  j 

6.  A  sinusoidalh  varying  alternating  current  has  an  average  value  of  1274  A.  When  its  value  is  zero, 
then  lis  rate  change  is  62.800  AJs.  Find  an  analytical  expression  for  the  sine  wave,        |  ||i  =  200  sin  100  nr| 

7.  A  resistor  carries  two  alternating  currents  haveing  the  same  frequency  and  phase  and  having  the  same 
value  nl  maximum  current  Lt.  10  A.  One  is  sinusoidal  and  the  other  ts  rectangular  in  waveform  Find  ihe  r.m.s 
value  of  the  resultant  current.  1 12-24  \| 

S-  A  copper-cude  rectifier  and  a  non-induciivc  resistance  of  20  Q.  arc  connected  in  series  across  a 
sinusoidal  a_e.  supply  of  230  V  (r .m.s.  i.  The  resistance  of  the  rectifier  is  2.5  11  in  forward  direction  and  3.000 
fi  in  the  reverse  direction.  Calculate  the  r.m.s.  and  average  values  of  the  current 

jr.m.s.  value  -  5.1  A,  averaer  value  ■  3J12  \\ 

9.  Rnd  the  average  and  effective  values  fnr  the  waveshape  shown  in  Fig.  1 1 .3si  if  the  cunes  are  parts  of 
a  sme  wave  (27.2  \  .  47.7\  |  {Eleci.  Teclmolofty.  Indorr  Univ.  19?<)\ 

Mi.   Find  Ihe  effective  value  ol  the  resultant  current  in  a  wire  which  comes  simultaneously  a  direct  currcnl 
«if  10  A  and  a  sinusoidal  alternating  current  with  a  peak 
value  of  1 5  A 

|M*5KA|  {Skit,  Tttk&Uyy.  Vikrwn  Unh  UJjafa  IWX) 

11.  Dcicmune  Ihe  r  m  s  value  nf  ihe  volutge  defined 
by  e  =  5  +  5  »in(3M;+  x/f>\ 

|h.l2  V|  \Eitct.  fixhnohgy.  ftufnrr  Univ.  July  W7V) 

1 2.  Find  the  r.m.s.  value  of  the  resultant  currenl  in  a 
wire  which  carries  simultaneously  a  direct  eurrenl  of  10  A 
and  a  sinusoidal  altematinc  current  with  a  peak  value  of 
10  A.    1 12.15  ^  |  (fife*  teektibgyti  Delhi  Univ.  mi  1 

I  A.  An  alternating  vollugc  given  by  e  =  150  sin  ItKhtr 
1*  applied  to  a  circuit  which  offers  j  resiitance  of  50  nhnis 
to  the  current  in  tine  direction  and  completely  prevent*  the 
flow  of  current  in  the  opposite  direction.  Find  die  r.m.s. 


100  V 


0 


9* 


Jit 


Fin.  11.39 
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and  average  vlaues  of  this  current  and  its  form  factor. 

|]J  A.  11.95  A.  im\  (Elect.  Technology,  Intlare  Univ.  Nov.  i9?8) 

14.  Find  the  relative  heating  effects  of  three  current  waves  of  equai  maximum  value,  one  rectangular,  the 
second  semi-circular  and  the  ihird  sinusoidal  in  waveform  ft,'  2/2.       (Sheffield  Univ.  U,K-\ 

15.  Calculate  the  average  and  root  mean-square  value,  the  form  factor  and  peak  factor  of  a  periodic 
current  wave  have  the  following  vhUk>  for  equai  time  interval?,  mzt  half-cycle,  changing  suddenly  from  one 
value  of  the  nest.  [U.  41 1.  i,n  m.  I  Oil.  Kit.  no.  40.  U|  (AM.I.E.  June  1992) 

™  A  sinusoidal  alternating  vohogc  of  amplitude  1 00  V  is  applied  across  a  circuit  containing  a  rectifying 
device  which  entirely  prevent.*  current  flowing  in  one  direction  and  offer,  a  resistance  of  10  ohm  to  the  flow  Df 
current  in  the  othex  direction.  A  hut  wire  ammeter  is,  used  for  measuring  the  current.  Find  the  reading  of 
instrument.  [Elect.  Tevhnology.  Punjab  Univ.  May  /flSSj 

1 1  ^23.  Kcpresentution  of  Alteriiatinp  Quu;ititk-s 

1 1  has  already  been  pointed  out  thai  an  attempt  is  made  to  obtain  alternating  voltages  and  cur- 
rents having  sine  waveform.  In  any  cast.  a.c.  computations  are  based  on  the  assumption  of  sinusodiai 
vol  tapes  and  currents.  It  is,  however,  cumbersome  to  continuously  handle  the  instantaneous  values 
in  the  form  of  equations  of  waves 
like  t=-  E  sin  uv  etc.  A  conven- 
tional method  is  to  employ  vec- 
tor method  of  representing  these 
sine  waves.  These  vectors  may 
then  be  manipulated  instead  of 
the  sine  functions  to  achieve  the 
desired  result.  In  fact,  vectors  are 
a  shorthand  for  she  represen- 
tation vf  alternating  voltages  ami 
current*  and  their  use  greatly 
simplifies  the  problems  in  a~c. 
work, 

A  vector  is  a  phy  sical  quantity  which  has  magnitude  as  well  as  direction.  Such  vector  quantities 
are  complete!)  known  when  particulars  ol  their  magnitude,  direction  and  the  sense  in  v.hrch  ihev  act. 
are  given.  They  are  graphically  represented  by  straingth  lines  called  vectors,  The  length  yf  the  line 
represents  the  magnitude  of  the  alternating  quantity,  the  inclination  of  the  line  with  respect  to  some 
axis  of  reference  gives  the  direction  of  that  quantity  and  an  arrow-head  placed  at  one  end  indicates 
die  direction  in  which  that  quantity  acts. 

The  alternating  voltages  and  currents  are  represented  by  such  vectors  rotaiing  counter-clockwise 
with  die  same  Frequency  as  that  of  the  alternating  quantity.  In  Fig.  1 1.40  ia),  OP  is  such  a  vector 
which  represents  I  he  maximum  value  of  the  alternating  current  and  its  tingle  with  X  axis  gives  its 
phase.  Let  the  alternating  current  be  represented  by  the  equation  e  =  Eni  sin  GW.  li  will  be  seen  thai 
the  projection  of  OP  and  F-asis  at  any  instant  gives  the  instantaneous  value  of  that  alternating  current. 

OM  -  OP  sin  tm  or  e  =  OP  sin  fit  -  Em  sin  rhf 

It  should  be  noted  that  a  line  like  OP  can  be  made  to  represent  an  alternating  voltage  of  current 
if  ii  satisfies  the  following  conditions  : 

(i)    Us  length  should  he  equal  to  ttic  peak  or  maximum  value  of  the  Mm.isi.udal  alternating  cur- 
rent  to  a  suitable  scale,  {ii)  It  should  be  in  the  horizontal  position  at  the  same  instant  as  the  alternat- 
ing quantity  is  zero  and  increasing,  (in)  *ts  angulllr  velocity  should  be  such  that  it  completes  one 
revolution  in  the  same  time  as  taken  by  the  alternating  quantity  to  complete  one  cycle 
1 1.24.  Vector  Digram  using  K.M.S.  Values 

Instead  of  using  maximum  values  as  above,  it  is  very  common  practice  to  draw  vector  diagrams 
using  r.tn.s.  values  of  alternating  quantities.  But  it  should  be  understood  that  in  thai  ease,  the  projec- 
uon  ol  the  rotating  vector  on  the  /""-axis  does  not  give  the  instantaneous  value  of  that  alternating 
quantity. 

U.2S.  Ytvtnr  Ding  rains  of  Sine  Waves  or  Same  Frequency 

Two  or  more  sine  waves  of  die  same  Frequency  can  be  shown  on  the  same  vector  diagram 
because  the  various  vectors  representing  different  waves  all  rotate  counter-clockwise  at  the  Siune 


Fig.  1 1 -H> 
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frequency  and  maintain  a  fixed  position 
relati  ve  to  each  other.  This  is  illustrated 
in  Pig,  1 1.4 1  where  a  voltage  e  and  cur- 
rent i  of  the  same  frequency  are  shown. 
The  current  wave  is  supposed  to  pass 
upward  through  zero  at  the  instant  when 
/  =  fl  while  at  the  same  time  the  voltage 
wave  has  already  advanced  an  angle  a 
from  its  zero  value.  Hence,  their  equa- 
tions can  be  written  as 

i  =  tm  sin  to! 
and         f  =  E  sin  !(iif  +  at 


«     *-  angii 


11.41 


Sine  wave  of  different  frequencies  cannot  he  represented  on  the  same  vector  diagram  in  a  still 
picture  because  due  to  difference  in  speed  of  different  vectors,  the  phase  angles  between  them  will  be 
continuously  changing. 

I  l.2<i.  Addition  tif  Two  Alternating  Quantities 

fn  Fig.  1 1.42  {a)  are  shown  two  rotating  vectors  representing  the  maximum  values  of  two  sinu- 
suidal  voltage  waves  represented  by  e ,  =  £m|  sin  tur  and;  e2  =■  Em2  sin  (to*  -  (|>).  It  Is  seen  thai  the  sum 
nf  the  two  sine  waves  of  the  same  frequency  is  another  sine  wave  of  the  same  frequency  but  of  a 
different  maximum  value  and  phase.  The  value  of  the  instanlanous  resultant  voltage  er.  at  any 
instant  Is  obtained  by  algebraically  add- 
ing die  projection;,  ui  die  two  vectors  on 
the  y-axis.  If  these  projections  are  e  t  and 
e2.  dien,  er  =  e ,  +  e2  at  that  time.  The 
resultant  curve  is  drawn  in  this  way  by  J 
adding  the  ord mates.  It  is  found  that 
the  resultant  wave  is  a  sine  wave  or  the 
same  frequency  as  the  component  waves 
but  lagging  behind  Eml  by  an  angle  ol 
The  vector  diagram  of  Fig.  1 1 .42  (<j)  can 
be  very  easily  drawn.  Lay  off  lag- 
ging 0*  behind  Eml  and  then  compiete 
the  parallelogram  to  ^.t  E,. 

Example  11.29. 

ft 

SuliJlinn.  As  Waves 


Kdd  the  following  cnrre»l\  as  tiuir*  '"td  as  vectors. 

41  n  <■  ki    ind  -  -  10  -.in  hi/  +  n' :' . 


< ,  +  h  =  7  sin  tor  +  10  sin  tear  +  60") 
7  sin  0X  +  10  sin  tar  cos  60°  +  10  cos  uir  sin  W 
12  sin  tat  +  8.66  cos  VH 


Dividing  both  sides  by  Jfl2a  +  8.661)  -  14.8.  we  get 

E2 


-   14  S 


sin  tat  4-rrf*<W  0)f 
14.8  I4.« 


where 


there 


cos  a 

h 

tan  a 


14.8  tcos  a  sin  tat  +  sin  a  cos  (ilf'l 

12/14.8  and  a  =  8.66/14.8  —as  shown  in  Fig  1 1 .43 

14.8  sin  fftir  +  a) 

8.66.12  or  a  =  tan"  \  8-66/ 12)  -  35.8" 
14.8  sin  tfOf  +  35.rj 


i  \  -  j  uuutmii'ntiiis 
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/  i 
i 
i 


At  Vector* 

Vector  diagram  is  shown  in  Fig.  J 1 .44.  Resolving  the  vec- 
tors into  their  horizontal  and  vertical  components,  we  have 
X  -  Component  =  7+10  cos  6CF  -  12 
1S  66  Y  -  component  -  0  +  JO  sin  60"  =  8.66 


60^ 


I 


u 


.  I 


Kit;,  11.44 

L1-Z7.  Addition  and  Subtractrion  uX  Vectors 


Resultant  -  ^/(12:  +  8.663)  =  14.8  A 
and  a  =  tan"1  (8.66/12)  -  35.8* 

Hence,  the  resultant  equation  can  be  written  as 
jr  =  14.8  *in  to*  +  35.8") 


M__„  

S' 

!  v 

— 7A 

/ 1 

1   E  X 

?V»>  l 

D    j  24o\t 

/ 
1  / 

0  A' 

1  / 
I  / 

Lr 

c 

Fig.  1 1.4$ 

ui  Yililiiinu.  [n  a.c.  circuit  problems  we  nta\  he  concerned  with  a  number  of  alternating 
voltages  or  currents  of  the  same  frequency  but  of  different  phases  and  it  may  be  required  to  obtain 
ihe  resultant  voltage  or  current  As  explained  earlier  (Art.  1 1 ,23)  if  the  quantities  are  sinusoidal, 
they  may  be  represented  by  a  number  of  rotating  vectors  having  a  common  axis  of  rotation  and 
displaced  from  one  another  bv  fixed  angles  which  arc  equal  to  [he  phase  differences  between  the 
respective  alternating  quantities  The  instantaneous  value  of  the  resultant  voltage  is  given  by  the 
algebraic  sum  of  the  projections  of  the  different  vectors  on  y-axis. 
The  maximum  value  (or  r.m.s  value  if  the  vectors  represent  thai 
value i  is  obtained  by  compounding  the  several  vcciors  by  using  the 
parallelogram  and  polygon  laws  of  vector  addition. 

However,  another  easier  method  is  to  resolve  the  v  arious  ■. er- 
rors into  their  X'-and  V-eompcinculs  and  then  lo  add  them  up  us  as 
shown  in  Example  1 1.30  and  31. 

Suppose  we  are  given  the  following  three  a  lemming  e.m.fs.  and 
it  is  required  to  find  the  equation  of  the  resultant  e.m_f 

f  i  -  20  sin  l  w  r  +  jr/3  > 

ej  ~  30  sin  tui  /  +  331/4) 

e3  =  40  sin  (<U  t  +  4jt/J| 

Then  the  vector  diagram  can  be  drawn  as  explained  before  and  solved  in  any  of  the  following 
three  w.tys  : 

iii   H>  compounding  according  to  parallelogram  lav.  as  in  l;ig.  I  I  45  hj) 


14V 

V 

48/ 

("*-  

4 

II 

V 

Fir.  I  \Ah 
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fir}  By  resolving  the  various  vectors  into  their  X-and  ^-components  as  in  Fig.  II  .45  (b). 
(iii>  By  laying  off  various  vectors  ead-on  end  at  their  proper  phase  angles  and  then  measuring 
the  closing  vector  as  shown  in  Fig.  1 1.4ft. 

Knowing  Lhe  magnitude  of  the  resultant  vector  and  its  inclination  <f»  with  X  axis,  the  equation  of  the 
resultant  e.m.f.  can  be  written  as  e  =  Em  sin  lav  +  01 

Example  1 1 .30.  Represent  tin-  /tfrtfrwittg  fWtUfabn  i>\  m  WW*  : 

5  wfi  (2tc  fr-  H  ■  Scph  iln  i>  +  ll  2  \in  i 2*  ft  *  2.5i  onJ  4  sin  i2jc  ft  -  [\ 

Aiiii  the  VtctOn  timt  e.%pn>\.i  the  remit  ht  the  form  .  A  stn  ( In  ft  ±  *) 

S^lniiuii.  It  should  be  noted  that  all  quantities  have  the  same  frequency/,  bents;  they  can  be 
represented  vertically  on  the  sanic  vector  diagram  and  added  as  outlined  in  Art,  II 21-  But  before 
doing  this,  it  would  be  helpful  to  express  all  the  quantities  as  sine  functions.  Tlverefore,  the  second 
expression  3  cos  (2it  ft  +  \ )  can  be  written  as 

3  sin  f  Znft + 1  +  y  1  =3  sin  iln  ft  f  I  +  1-57)  =  3  sin  (2k  ft  +  2.57) 


The  maxminium  value  of  each  quantity,  its  phase  with  respect  lt>  the  quantity  of  reference  ie. 
X  sin  2rc/f.  its  horizontal  and  vertical  components  are  given  in  the  table  below  : 


Phase 

Quunrity 

Max. 

radians 

angles 

Horizontal 

Vertical 

I'uiUi.' 

component 

cnmpcmenl 

(f)  5  sin  1 2Kft  -  1 ) 

9 

1 

-57  .y 

5  x  cos  (-57.3°)  =  2.7 

5  sin  (-57.31  =-4.2] 

(if)  3  sin  <2jtf>  +  2,57) 

3 

+2,57 

I47J2" 

3  x  cos  147.2"  =  - 2,52 

3  sin  147J>'=  1.63 

(fiYt  2  sin  (2nfr  +2.5; 

2 

+  15 

143.2" 

2  cos  143.2"  =  -  1.6 

2  sin  143.2"=  1.2 

(ft)  4  sin  (2Kfl  -  1 ) 

4 

-1 

-  57.3" 

4  cos  (-57.3")  =  2,1ft 

4  sin  (-57.3")  =  -  3,07 

Total 

0.74 

-4.75 

The  vector  diagram  is  shown  in  Fig.  1 1,47  in  which  OA,  OB,  OC  and  OD  represent  quantities 
(i),  (ii),  fi/f)  and  Uv)  given  in  the  table. 

a-?  0.7* 


His-  11,47  Fig,  11.48 

Their  resultant  is  given  by  OG  and  the  net  horizontal  and  vertical  components  are  shown  in 

Fig.  'Him.  Resultant  =  JfO.741  +  (-4.75)'l  -4.81  and  tan  0  =  -  4.75  /0.74 

B  -  tun"lM.75/0.74)  =  -  81,2"  =  -  1.43  radians 
The  equation  of  the  resultant  quantity  is  4,81  sin  tlnjl  -  l.43t 


1. 1    i-  \imitiineuiai\ 


Example  11-31.  Three  MAfrftgM  represented  b\ 

r,  =  2(1  sin  tiif;  e,  =  Mi  sill  l(»r-  Il^lwiii/f,  ^  -)0  t'm  It!};  ■+■ 
itc!  POjgtlhtt  in  *  tircuit.  Find  un  e.vptvAsiun  /wr  r/)i-  ri:\iilhitil  Mffeqpfc  Represent  ifanM  thi  appropri- 
ate vet  torn,  (Fki  trn-lichnifs  Madras  I.  fliv.  |98ll  it/w  Cirvuii  Nttytpur  Utivi  /W/i 

Wwtif.  First.  let  us  draw  the  three  vectors  representing  (he  maximum  values  of  the  given 
alternating  voltages. 

e,  -  20  sing  to  /  -  here  phase  angle  with  X-aKis  is  zero,  hence  the  vector  will  be  drawn  parallel 
to  the  X-axis 

«j  =  30  sin  (Oit  -  -  iLs  vector  will  he  below      by  45° 

ca  =  40  cos  (car  +  n76)  -  40  sin  (90°  +  tar  +  n/G)* 

=  40  stmoai  +  !  20"}  -  its  vector  will  be  M  1 20°  with  OX  in  CCW  direction. 

These  vectors  are  shown  in  Fig.  1 1 .49  (a).  Resolving  them  into  X-and  ^-components,  we  get 
X   component  -  20  +  30  cos  45a  -  40  cos  60°=  2 1.2  V 
Y  -  component  =  40  sin  60=  -  30  sin  45*  =  1 3  4  V 

As  seen  from  Fig.  M  .49  tf>),  the  maximum  value  of  the  resultant  voltage  is 


OD  =  ^2I.22  +  I142  =25.1  V 


(b) 

Fig.  11.49 

The  phase  angle  of  the  resultant  voltage  is  given  by  tan  <&  =  Y-cumpenenl  _        _  (j  ^ 

X-component  27.2 

. .    $  =  tan" 1  0.632  =  32.3n  =  11.564  i  udian 

The  equaiton  of  the  resultant  voltage  wave  is  e  =  25.1  sin  (w  +  32, 3")  or  £  =  25,1  sin  (taf  + 
0.564! 

Example  1 1 .32-  Ftittr  fin  nil*  A,  H.  L  mid  D  are  canneeted  is  ncrics  ai'ross  a  240  V.  »/t 
iupph:  The  vuhatys  mrirxx  fhrtr  of  the  t  inkuit*  tout  their  ptmsc  nuclei  rrhtitu  t>>  the  ■  orr.  -m  titnwji 
tl\ri»  utt.  VA,  M  Vut  ?<r  Imuiing.  V/t.  120  V  ut 
tit 

Wippi 

n  rcrtnr  digram  drawn  i   I  ait  tkt  wfettgi  '  ,,  *       V  120  V  *n    135  V- 

urrfiv.v  rlu  cinniit  D  and  its  phase  ongle. 

Sfilutinn.  The  circuit  is  shown  in  Fig.  1 1 .50. 

(a)  The  vector  diagram  is  shown  in  Fig. 
1 1-50.  The  current  vector  DM  is  drawn  horizon- 
tally and  is  taken  as  reference  vector.  Taking  a  ^'8'  l-l-S" 
scale  oFl  cm  =  20  V,  vector  OA  is  drawn  4  cm  in  length  and  leading  OM  by  an  angle,  of  50*,  Vector 


'faltgfag    V^iJSVatW  Ming  it  ;/r.-r-  a| — |  ft 

ypty  Vtiha/te  ititds  ihr aartnt b}  15  .Jbtdfhrm 


c 

-O  240  V  O- 


cn»W-  <m\W  ♦  Bt 


»|»V 


Oli  represents  120  V  and  is  drawn  lagging  behind  OM  by  6y.  Their  vector  sum.  as  found  by 
Parallelogram  Law  uf  Vectors,  is,  given  by  vector  OG. 

Nest,  vector  OC  is  drawn  ahead  of  OM  by  80° 
representing  135  V.  Vector  OF  represents  the 
vector  sum  of  OG  and  OC.  Vector  OE  represnets 
the  applied  votlage  of  240  V  and  is  drawn  15° 
ahead  of  current  vector  OM.  The  vector  differ- 
ence of  OE  and  OF  gives  the  required  voltage 
Vn,  It  is  equal  to  FE.  It  measures  5,45  era  which 
means  that  it  represents  20  x  5 .45  =  1  09  V.  This 
vector  is  transferred  to  position  OH  by  drawing 
OH  parallel  to  FE.  It  is  seen  that  OH  lags  behind 
the  current  vector  OM  by  I  2,4°. 

Hence,  VJ  ~  1  volts  lagging  behind  the  cur- 
rent by  12.4 

iiil  Sulnrai-thn)  of  Vect«rs 

If  difference  of  two  vectors  is  required,  (hen 
one  of  the  vectors  is  reversed  arid  this  reversed 
vector  is  then  compounded  with  the  other  vector 
as  usual. 

Suppose  it  is  required  to  subtract  vector  OB 
from  vector  OA.  Then  OB  is  reversed  as  shown 
in  Fig.  1 1,52  (o)  and  compounded  with  OA  according  to  parallelogram  law.  The  vector  difference 
is  given  by  vector  OC. 

Similarly,  the  vector  OC  in  Fig,  12.52  (b)  represents  (B-A)  Le.  the  subtraction  offM  form  Oil. 


bl  J 


liu  11.52 


I. sample  UJJ.  7m t«  iiiirenti  i,  umi  I,  are  niven  h  tbt  cxprexiitmi 

it  e  It  Hiit  i.iNi  +  rc/</.i  amperes  and  fj  -  I  .tin  iJM  f  -  ts/J)  amperes 
f  md  fui  I,  -»•  jj  runJ  ^jJ  /,  -  f„  Bxptrxx  the  uusurt  w  tile  fat  in  i  -  t„  \w  M/J  r  ±  <|>j 
Hohtihm.  (flj  The  current  vectors  representing  maximum  values  of  the  two  currents  are  shown 
in  Fig.  1 1.53  (a j.  Resolving  the  currents  into  their  A"-and  ^-components,  we  get 

A'-  component  =  1 0  cos  45'  4  8  cos  60°  =  1 0/72+  8/2  =  1 1.07  A 
Y-  component  =  JO  sin  45'  -  8  sin  60°  =  0.14  A 


■■■    /,w  =  vf|l.07,+ 0.14-  -11.08  A 

tan  0  =  (0. 1 4/1 1 ,07|  =  0,01265    .-.    0  -  44' 


\.C.  I'utHfamtuituIx 

Hence,  the  equation  for  the  resultant  current  is  i  =  1 1. (IK  sin  tM4  l  +  44' i  umpires 
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fig.  1 1-53 

(&)    X  -  component    -  10  cos  45°  -  8  cos  60"  =  3.07  A 
Y  -  component  =  10  sin  45°  f  8  sin  60°  =  J4  A 


L  =  ^3.07:  +142  =14.33  A  ...Pig.  1 1.53  fi?) 

K>  =  tan"1  (14/3.07)  =  77"  38' 
Hence,  die  equation  of  the  resultant  currenl  is 

i  =  sin  (314  +  77"  Jtt'l  amperes 

Rxamplv  11-14.  The  maximum  void's  ot'ih,  nlh'fntitiitf>  mlutfic  aaJ  currmt  an-  -Vint  V  .uid 
td  \  iv\ptrti)  fl\  in  a  cin-tth  tmmmimi  to  a  50  H:  w;>piy.  Tlw  insf>n<.iHt>ou,\  iWm  i  "f  Vintage  .uui 
■  winil  on  2S.t  Vutid  Si)  \  >,-\ft  rlm'h  ill  Unit'  i  -  IK  both  infivti.\Mi>  (HWHU-tw 
1 1 1   Wrttr  down  the  cxprcxsion  for  voUugr  <tnd  current  ut  Unit:  i. 
i  n  I   OteUrmiiif      pinvrr  romumeJ  in  lUt  rin  uiL 

Tokf  ihr  kWttoW        1  "rrrnt  to  he  smuvwUd  |Nsigpur  Llniveraity,  Nov. 

ftntmio*.  Vin  =  400.  tm  =  20,  to  =  314  radJsee 

(i)   Let  the  expressions  he  as  follows  : 

r  (f)  =  Vm  Sin  (tur  +  8,^  400  Sirs  (3 14  r  +  Q{) 

I  (t)  -  !m  Sin  foa?  +  (U  =  20  Sin  (314  t  +  ©:) 

where  6,  and  02  indicate  the  concerned  phase-shifts  with  respect  to  sonic  reference.  Substitut- 
ing the  given  instantaneous  values  at  i  -  0. 
6,  =  45°  and  fl2  =  30* 
The  required  expressions  are  : 
VW  =400 Sin  (3J4|  +  45°| 
j  f/>=  20  Sin  <3M  J +  30°) 
Thus,  die  votlage  leads  the  current  by  IS*. 
V  =  RMS  voltage  =  400/1.414  r  =  V 
I  a  RMS  voltage  =  20/1,414  -  14.14  A 

Power-factor,  cos  $  =  cos  15"  =  0.966  lagging,  since  current  lags  behind  die  vultage. 
(&)  Power  =  V  I  cos  $  -  3865  watts 
kifffiUonal  Hint  :  Draw  these  two  wave  forms 
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Example  1 1 J5.  Vattaste  ittui  Current  for  a  circuit  with  twu  element*  ft  series  are  ejjierssed  as 
folium  . 

v  m  =  170  .sm  5*280 f  +  jr/?)  Volts 
i  in  =       vr<  ffiZXO  r  +  n/2)  tw/n 
(/)    I'lot  tin  two  wau'fvnns.       '  Dctermnix  lUv  trcaoenr:  >i\  H:.    tm\  Determine  the  pvwcr 
factur  iimitta  Us  ttutare.  U\>)  What  arc  the  values  iff  the  dements  ? 

INajipur  University.  April  l'J%] 

Snluiiun.  ((!)  ta  »  6280  radiation/sec, /=  03/2*  =  1000  Hz 

(j)  Two  xinusutdal  waveforms  with  a  phase-difference  of  30*  f>  nil  -  7L/3)  are  (a  be  drawn. 
Each  waveform  completes  a  cycle  in  I  milli-second.  since /-  lOflO  Hz. 

The  waveform  for  current  Scads  thai  for  the  voltage  by  W.  Al  (Of  =  0.  the  current  is  fU  its 
positive  peak,  while  the  vollage  will  be  at  its  positive  peak  for  an  =  n/6  =  30°.  Peak  value  are  170 
vulis  and  R.5  amp. 

(m)  RMS  value  of  votlage  -  1 70/^2  - 1 20  volts 

RMS  value  of  current  -  8.5/ sJ2  =  6  amp. 
Impedance  =  V/I  =  1 20/6  -  20  ohms 
Puwer  factor  -  Cos  30°,  Leading  =  0,866,  leading. 
Since  the  current  leads  [he  voltage,  the  two  elements  must  be  R  and  C, 
ft  =  Zcos0  =  20  x  0.866  =  17.32  ohms 
X,  =  Z  sm  0  =  20  x  0.50  =  1 0  ohms 

<  ='/f^^  6280*10  =l5">2mF 

l-'siiinpK  11J6.  ShM  ^imtsniJullv  alternating  currents  of  rrri.s  values  5,7.5.  and  10  A  are 
tun  ms  same  Jreouemv  "I     H:.  with  nlia<te  angles  »/JO  .  -  MT  and  45', 

\,t)  Find  tlwir  average  values,  li)  Write  ei/tuittntts  fat  their  imtantane<>u\  values,  [hit  lit  on 
waveforms  and flui.su/'  diagrams  takni.it  first  eurreui  as  the  reference,  (mJ  Fitut  their  instantaneous 
values  tit  fiHi  tttSe,  turn)  the  ormmol  irteirnee  [Nagpur  University-,  N«».  IWft| 

Solution,  f  fj  Average  value  of  and  alternating  quantity  in  case  of  sinusoidal  nature  of  variation 
=  iRMS  Value)/!.  11 

Average  value  of  first  current      =  5/ 1 , 1 1  =  4.50  A 
Average  value  of  second  current  =  7.5/1.1 1  ^  6.76  A 
Average  value  of  third  current     =  10/1 .11  =  9.00  A 
00  Instantaneous  Values  *      (fl  =  2n  x  50  =  314  rad/sec 
1 1  (f)  =  5  4i  Sm  (3 14  r  +  30° j 
i1(.t)  =  13^Il  Smf3l4f-60°) 
ij(fj=  10  &  Sin  (3 14  f  +  45°l 

(iff)  First  current  is  in  he  taken  as  a  reference,  now.  From  hie  expressions,  second  current  lags 
behind  I  he  first  current  by  00°  Third  currenl  leads  the  first  current  by  15°.  Waveforms  with  this 
description  are  drawn  in  Fig.  11 .54  («)  and  the  phasor  diagrams,  in  Fig.  1 1 .54  {p). 

{iv  1  A  50  Hz  a»c  quantity  completes  a  cycle  in  20  m  sec.  In  100  m  sec,  it  completes  fi  ve  cycles. 
Original  reference  is  the  starting  point  required  for  this  purpose.  Hence,  at  100  m  sec  from  the 
reference. 


\.C  f-'urteiaint'rifah 


457 


Hy.  11.54  mi  Fig.  IIJMi/n 

lv>  instantaneous  value  of  f,  (f)  =  5     Sin  30"  =  3.53  A 
instantaneous  value  of  iz  in  ~  7.5  -Jl  Sin  (-  60°)  =  -9,816  A 
instantaneous  value  of  i i  {/)  =  10>/2  Sin  (45°)  =10  A 

Kxanipk'  1 1_57.  Determine  the  farm  factor  and  peak  factttrfar  the  urulvttied  wavefvnn.m  rig. 


11.55 


V-V„slne 


0.866  V, 


[Bombm  University.  J<MHJ| 

Snltitidii.  v  (9)  -  Vm  sin  0.  except  for  the  n> 
giun  between 

9  =  60°  to  0  =  90" ,  wherein  v  -  0.866  V,. 
Area  under  the  curve  will  be  worked  nut 
first,  for  calculating  the  average  value 


Area  OAF . 


sin  8J6  =  (J.5  V_  Area 


FABG  -  0.866  V„  <rt/2  -  K/3)  =  0.4532  V„ 
Area  CCD  -  Total  area  under  the  curve  - 
Vrt  (1  +  0.432  +  0.5 ) 

Average  value.  Vm.  -  (1.9532  V J/3, 14 
=  0.622  v" 

For  evaluating  rrns  value,  the  square  of  the  junction  is  to  be  taken,  its  mean  value  calculated  and 
square-root  of  the  mean  value  found  ouL 
Area  under  the  squared  function  j 


For  Portion  OF 


vl       sn1Qd*  =  V*tl  j  fl- 


ees 20)  rfO-fUOV  V_ 


For  Poninn  FG  :  (0.86G  vj  x  it  *  (1/2  -  t/3>  -  03925  Vl 


For  Portion  GD 


v.'  f 


kuV  0d0  =  0.785  V'- 


Total  area  =  [0.307  +  0.3925  +  0.785J  =  1 .4*45  V; 
Let  R.M.S.  Value  be  V. 


I"  it  =  1.4845  V,  or  V  =  0.688V 

nr  wr  c  mi 


Kwm  factor  =  RMS  Value/ Average  Value  =  0.A»ljfl>.622  -  1.106 


45S 


llhrtrinit  Ttchnofafi? 


Peak  factor  =  Peak  VnJue/RMS  Value  -  I. (1/0.68*1  =  1.4535 
Tutoriul  Problems  N«.  11.2 

1 1  The  value*  of  the  instantaneous  furrcnls  in  the  branches  of  a  parallel  circuit  arc  as  follow*  : 
i'r  =•  5  sin  .146  r;  t2  =  111  sin \346t  +  K/41;  l3  =7.5  «n  (346  r  +  gfl.L i,  =  8  sin  (346  f  -  s/3l 
Express  the  resultant  line  current  in  the  same  farm  u  the  original  expression  and  determine  the  r.m.s, 
value  and  ine  frequency  of  this  current  1 115  V;  55  Hi) 

I  c  oil-  ,uc  ."iir.c-.K-i)  i-i  *cncs   bavMi.i-  irkkiLX'ii  in  II  ii  miiuviiivI.iU  in  1  ul  l"0V  "in  1 1,  ,m.l  tlu-iv 

Ij  a  phase  difference  uf  1 4  electrical  degrees  between  one  call  and  the  next  Wti.it  is  the  tnlal  e.m.f. 
generated  in  the  circuit  1  MS-I  ^  I 

J    The  instantaneous  voltage  across  each  ol  the  four  coils  connected  in  series  is  given  by 
v,  =  UK)  sin  471  r,  v3  - 150  co*  471  r,  vt «  150  sm  \41 1  t  +  Utij;  15,  «  200  sin  (471 1  -  nV4i 

Determine  ihc  tntal  p.d.  exprssed  in  similar  form  la  those  given  What  will  be  the  resultant  p.d,  If  K 
In  reversed  in  sign  ?  |>  ■  414  si  pi  1471  t  *  IbS  1;  v  =  XX*,  sin  t4"ri  t  -  Ml  '] 

4.  An  alternating  Voltage  of  v  =  100  sin  376.8  f  is  applied  to  a  circuit  cans  i  Mi  rig  uf  a  cull  having  n 
resistance  (if  fi£i  and  .in  inductance  of  2 1  22  mH 

to)  Express  the  current  flowing  in  the  circuit  m  die  (orm  r  =  /*«  sin  i376  8  1 1  tfr i 

(M  If  .1  movmg-irtin  voltmeter,  a  wattmeter  and  a  frequency  meter  arc  connected  in  the  circuit,  what 

WQMld  be  the  respecuve  readings  on  the  instruments  11 

|t  >  (0  sin  i .T7fi  K  /  -  53. 1  1;  71*.T  V ;  JMW  W ;  60  Hi  | 

I  Three  circuits  A.  B  and  C  arc  connected  in  scries  across  a  200- V  supply  The  voltage  across  circuit  4 
Is  50  V  lagging  the  supply  voltge  by  45*  and  the  voltage  across  circuit  C  is  100  V  leading  the  supply 
Milt.ige  by  W  Determine  graphically  or  by  calculation,  the  voltage  across  circuit  8  end  It*  phase 
displacement  from  the  supply  voltage  |7?.4  \  :  Ul  3H'  latisriiiu 

I    Three  alternating  currents  arc  given  by 

i,  =  141  sin  toy  +  s/4|   t2  =  34»  sm  tun  +  nfli   ii  -  20  sin  (tflf  -  Jt/6) 

mid  are  fed  Into  a  common  conductor.  Find  graphically  or  otherwise  the  equation  of  the  resuhuiil 
current  and  its  tmi.  value  II  -  167.4  sin  ,tm  +  0.7U7t,  1^  s  I IM  \] 

Four  e.m.fs  e,  -  100  sin  <uf.  e3  «  80  Din  tear  -  *tt>).  e3  -  120  sm  (aw  +  KJ&  \  and  e4  =  I  (Hi  sm 
luif  -  2Jt/3l  are  induced  in  four  cod*  Lonnccted  in  !>eries  so  that  the  vector  sum  Of  four  e  nvfs.  i* 
obtained.  Find  graphically  or  by  calcultion  the  resultant  e.m.f  and  its  phase  difference  with  lo  i  rt  and 
(M  fj.lf  the  connections  to  the  coil  in  which  the  e.m.f.  e-,  is  induced  arc  reversed,  find  (he  new 
resu  Itant  e.  m  f  1 2t  W  sin  I  of  -  It.  202 1  (a  1 1 134*  hu>  I  h  1 1  ^A*  I  c«d ;  7f  >  sin  i  oaf  + 11^2>1)  | 

H  Draw  to  scale  a  vct'tor  diagram  showing  the  foil  wing  voltages  : 

i-,  -  100  iin  500  r,  V,  -  200  sin  (500  /  .  r/3k  v,      50  cos  500 r.       150  sin  1 500  f - n/4) 

tJblaio  graphically  or  otherwise,  theii  vector  sum  and  express  this  in  the  form  V„  sin  (500  '  1  4>K 

using  Vi  as  the  reference  vector.  Give  the  r.m.s.  value  and  frequency  of  the  resultant  voltage, 

1 3MK5  sin  1500  (  +  D.OSni:  217  V;  7<f  n  It/) 

I  I.2X.  \.<  .  li.rou^h  ki-sisluiic*'.  InducUtnti'  uiitl  Ca|i:iritnnci' 

Wc  will  now  consider  the  phase  angle  introduced  between  an  alternating  voltage  and  current 
when  the  circuit  contains  resistance  only,  inductance  only  and  capciluncc  only,  hi  each  i  are.  we  witl 
tixxumr  that  wc  are  jjrvcw  the  alternating  voltage  of  etfuatwn  Km  sin  (uf  and  will  prucecd  ic  find 
the  cquatiun  and  the  phase  of  the  alternating  current  produced  in  each  ca.se. 

11.29.  \_(  .  Throu^li  Ttire  Ohmk  [{tMsl.imv  Mime 

The  circuit  is  shown  in  Fig.  1 1.56.  Lei  the  applied  voltage  be  given  by  the  equation, 

i  =  Vm  tan  6  =     sin  (uf  >.\  f\ 

Let  H  =  ohmic  rcsislnace  .  ;  -  inslanlunciius  Current 

Obviously,  the  applied  voltage  has  to  supply  ohmic  voltage  drop  only.  Hence  for  equilibrium 

t-  =  itt; 

V 

PuUing  tiie  value  of  V  from  above,  wc  get  Vm  sin  uif  -  iR;  I  =  -~  sm  <at 

R 

Current  T  is  maximum  when  sin  (f>t  in  unity  .'.  im  ~  VH/R  Hence,  ec|Uiilion  (ft')  bceoincs, 
i  =  L  sin  (Of  ...liiij 


-1.C.  I'midameutah 


Comparing  til  and  tin.  we  find  I  fill  the?  alternating  voltage  and  current  arc  in  phase  with  each 
other  as  shown  in  Fig  1 !  ,57.  It  is  also  shown  vectonally  by  vectors     and  /  in  Fig.  1 1 .54. 


Fiji.  1 1-56  Fin,  11.57 

I'tuM  T,  Instantaneous  power,  p  =  if  =  Vmfm  sin*  ov 


...fFig.  1 1  .581 


f  j  \  I 

\  \  -  cos  2tiV)  =  -!*-«fL 


Pnwcr  consists  of  a  constant  pan 


V  I 


cos  2  tut 


rtnd  a  fluctuating  part  -  ™—  cos  2  tat  of  frequency 


double  thul  of  voltage  and  current  waves, 
is  zero. 

Hence,  power  for  the  whole  cycle  is 
VJ±     V...  I 


For  a  complete  cycle,  the  average  value  of 


V ,  1 


CO>  JliW 


~    "la  - 


71  V2 


or 

w  here 


P 


da  a  4 


Fm,  n.58 


V  x  1  watt 

r  m.s  value  of  applied  voltage, 
r.m.s.  value  of  the  current. 
It  is  seen  from  Fig.  1 1.58  dial  no  part  of  the  power 
tjeie  'MeL"r.!e-.  ucg.dne  u!  any  Mine.  Iii  other  wordv  in  :< 
purely  resistive  circuit,  power  is  never  zero.  This  is  so 
because  the  instantaneous  values  of  votlagr  and  current 
arc  aJway\  cither  both  positive  or  negative  and  hence  the 
product  is  always  positive. 

Fsumpk-  1 1  .3Ji.   l  ■•  i  Hz  voltaic  of  115  V  (r.m.*.  t  u 
wifur.ist'ii  on  a  100  ohm  fWil^WdiKT  ,  ■ 

ifi  Write  the  time  equation*  for  U*e  ititiage  und  the  resuitm$  current.  Lit  thf  zem  ptmtt  oj  the 
uthti^f  mne  Ikm  t  -  Oiti)  .SVum  iiu  voittigi-  imd  ■  illicit:  .j  linu  diugnim.  Uii)  Slum  f/if  valiant 
and  i  to  rent  on  n  phitMir  diucnirn. 

[VAvct  Tecboiiuliigy.  Hyderabad  linn.  I*W2.  Similar  Example.  I'.P.  Technical  Unkk  21MHI 

Solution,  il)  Vmx  =  jz~V  =  s/2  x  1 15  ■  163  V 

/nui  =  V^tR  -  163/100  =  1 .63  A;  0  =  0;  tu  =  2*f  -  2*  x  60  -  377  rad/s 
The  required  equations  arc  .  i'  < f  >  =  1 .63  sin  377  t  and  i  u\=  1 .63  sin  377  t 
tii)  and  (iii)  These  ore  similar  to  those  shown  in  Fig.  1 1  56  and  1 1 .57 

1 1.30.  A.C.  Through  Pure  Inductance  Alone 

'Whenever  an  alternating  voltage  is  applied  to  a  purely  inductive  coil*,  a  back  e.m.F.  is  produced 
due  to  the  self-inductance  of  the  coil.  The  hack  e.m.f,  at  every  step,  opposes  the  rise  or  fall  of 

'  By  purely  tnrfucuve  coil  it  meant  nne  thai  has  no  ohnnc  nesisiaiiLe  and  hence  bo  f'ft  toss  Pure  lmlutiiuiec 
v.  u^-iiuih  r'H  .iit-iiiiuliiL.'.  'liuuijli  it  i-s  vrry  neiiilj  approached  hy  u  uml  ftnanJ  with  such  track  wire  that  it» 
mtWpMf  <s  negligible.   II  il  hu-t  nine  neiiinl  resiKlunee,  ilieti  H  t>  redistilled  hs  a  -epaiare  equivatrnl 


m 

current  through  the  enjf.  As  then:  is  no  ohmic  voltage  drop, 
the  applied  voltage  has  to  overcome  this  self-induced  e.m.f. 
only.  So  ai  every  step 


Now 


v  =  Vm  sin  cat 


V'  sin  oi  t  =  L 


:!i 


di  =  -j*-  sin  tuf  di 


V     t  , 

Iriie^raim^  boih  sides     e  gel  i  =  Jsinwrt/f 

V  V 
=  -*f-  (-  cos  ci»0  =  -T-  cos  ai  i 
ail 

=  — *>  sin  (to /  -  - )  =      sin  leu i  -  ptfl) 
mL      \        2)  XL 

V  (it 
Max  value  of  I  is  J  =  —  when  sin  tot  —  — 
mL  2 


FAecirUal  T eihnolo£\ 


i    I.  -.ii  ,1 

Hft.  1 1.59 

.(constant  of  integration  -  0) 
...O'l) 


is  unity. 


Hence,  the  equation  uf  the  current  becomes  i'  =  /m  sin  (ful  -  re/2). 

So.  wt  find  that  if  applied  voltage  is  represented  by  v  -  Vm  sin  bV,  then  current  flowing  in  a 


purely  inductive  circuit  is  given  by  /  =     sin  j 


ml  - 


fowtt  Wave 


V,sjo  (Hi 


r-  (miin  (ml  ■  m/2| 


(hi 

Mg.  11.6(1 

Clearly,  the  current  lags  behind  [he  applied  voltage  by  a  quarter  cycle  (Figv  1 1.60)  or  the  phase 
difference  between  the  two  is  re/2  with  voltage  leading.  Vectors  are  shown  in  Fig,  11.59  when 
voltage  hai  been  taken  along  the  reference  axis.  We  have  seen  thai  lm  =  VJ(si  L  -  VJXL.  Here  'wL* 
plays  the  pari  of  "resistance- .  It  is  culled  the  (inductive)  reaaance  XL  of  die  cnjl  and  is  given  in  ohms 
if  L  is  in  henry  and  &)  is  in  radian/second 

Now,  .V,  =  taL  ■  2re/  L  ohm.  It  is  seen  that  Xt  depends  directly  cm  frequency  of  ihc  voltage. 
Higher  the  value  of  /  greater  the  reactance  offered  and  vice-versa. 

I'ovtt'i 

Instantaneous  power  =     =  \],lm  sin  ax  sin  [to*  -  *  j  =  -  V„im  sin  t*. cos  uv "  =  -  -=~SI  sin  2«n 

V  } 

Power  ft  it  whole  cycle  is  f>  = — "j^l 


sin  2u>rrfr  =  0 


Or/- 


'  MM   I    file  UMI  .Llttl       MplHK  n=    If  „  f„  ■  '•  ■  "'I    -       I'tn  J'Ml'  l- 


nuuipuuciu  is  -  i  kj^  tas  lAav  -  *JU"j  uluuc  a^crugt  vuluc  iy»ri  uuc  complete  cycle  is  /eiu 


\.( .  I  undamtttitih 


At,i 


It  is  also  clear  from  Fig.  1 1 .60  f»  that  ihc  average  demand  of  power  (ran  the  supply  for  a  complete 
cycle  is  zero.  Here  again  ii  is  seen  dial  power  wave  is  a  sine  wave  of  Frequency  double  ihai  of  Ihc  voltage 
and  current  waves.  The  maximum  value  of  the  instantaneous  power  is  VJRp.. 

F.Mimpk'  1 1 Thmus.h  a  i  t'll  i>}  mini  turn  4  f  henry,  u  current  of  the  udi  r  form  .slwrni  in  Fig. 
H.M  lut  r.vrfrm  jiijj.  Sketch  the  wttvr  (mm  of  the  vottuxe  acros'i  the  iu.iunaft\  «•  ,»ui  eideulntr  the  r.tn.%, 
vnhu  i<f  the  vohoiH  il  kti.   I  <ilinoln£> .  Indorr  Univ. 

Sototim  The  uastanlancuus  current  >  {1}  is  given  by 
ii)  0  <  t  <  I  second,  here  slope  of  the  curve  is  1/1  =  I. 
f  =  l  x  1  =  j  ampere 

in )  I  <  r  <  3  second,  here  slope  is  - — ^— —  - 1 

A    f  =  I  -(!){'-  I)  =  I  -(1-  Jj  =  (2 -yj ampere 


(mi  3  <  f*  c  4  second,  here  slope  is 


1-0 


=  -l 


(b)  i  =  -  I  —  (—  1)  (/ —  3)  =  (r  —  4J  ampere 

The  crjrtcspottding  vohagc  are  (0  v,  =  LJi/di  =lx  I  =  lV(i")v3  =  Uthti  =  lx^f2-/)  =  -1V 


Fir.  1 1.6  J 


m  v,  =  Ldi/dt  -  I  x  4  0  -4)  = )  V 
tff 


The  voltage  waveform  is  sketched  in  ttg.  II  .61.  Obviously,  the  r.m.s.  value  of  die  symmetri- 
cal square  voltage  waveform  it  1 V* 

Example  k  1.41).  A  60- Hz  voltage  oj  HO-V  effedrvc  value  U  impressed  on  mi  inductance  a] 
0.265  H. 

ti\  Wtilr  the  rwie  etfmttivtt  Jot  the  volume  and  the  rewiring  eurrrnt.  Lt\  the  zero  au\  uj ''the 
wiliafse  Ktfvc  be  us  t  -  U  (iil  Show  the  voltage  and  current  oi\  o  fihmor  dtd^rom  imp  Find  tin 
marimum  energy  stored  in  the  Inductance  (Fleet.  Fnpinerring.  Hhugulpur  I  nt\.  IIM?) 

^t.hitiun    viin.,  =  S  V  =  Ji  <  230V  ./.  =  frO  tf; 

u,  =  2n/=  lit,  x  60    377  rad/s,  X, =  tat  -  .177  x  0.265  =  100  U 

If)  The  time  equation  for  voltage  is  v  (0  -  230 1/2  sin  377  r; 

'mu  *V^#4  =  230  ^2/ 100  =  2 J  J2$=W  (lag) 

i.    Current  equation  is  i  (/)  =  2.3  ^2  sin  (377  f  -  R/2)  or  =  2,3 -Ji  cos  3T7  /. 

(ii)  It  is  showrj  in  Fig.  11.56.  (Hi)         =  I uj^  =  \x 0.265 x  12.3 V5r  =  > ■*  J 

11.31.  '  umph-i  \oltiiue  XppliiHl  to  Hurt  liisdiu-timci- 

(n  Art.  1 1 .30,  the  applied  voltage  was  a  pure  sine  wave  (i.e.  without  harmonics)  given  by 

i'  =  V  sin  uir. 


4c»: 


Electrical  Technology 


The  current  was  given  by  f  =  !m  sin  (car  -  s/2) 

Now,  it  is  applied  voltage  has  a  complex  form  and  is  (say  I  given  by  * 

V  =  Kjfl,  sin  cw  +      sin  3uw  +  VSm  sm  5tw 
then  the  reactances  offered  to  the  fundamental  voltage  wave  and  the  harmonics  would  be  different, 
For  the  fundamental  wave,  X,  -  w£..  Form  3rd  harmonic  ;  Xi  =  3cuL,  For  5th  harmonic  ;  Xi  — 

Hence,  the  current  would  be  given  by  the  equation. 

Obviously,  the  harmonics  in  the  curren!  wave  are  much  smaller  than  irt  the  voltage  wave.  For 
example,  the  5th  harmonic  of  the  current  wave  is  of  only  l/5th  of  die  harmonic  in  the  voltage  wave. 
It  means  thai  the  self- inductance  of  a  coil  lias  the  effect  of  "smoothening'  current  waveform  wlven 
the  voltage  waveform  is  complex  i.e.  contains  harmonics. 

Lxaiiiple  11.4L  The  voltage  applied  to  u  pureh  inductive  vdtt  of  setf- inductance  J5.9mH  it 
x'twtt  by  tne  equation,  f  =  UH)  \in  114  I  +  7S  \tn  lH2  I  +  SO  sm  1570  t.  Find  the  t  qitiitit'ti  of  the 

rfXUltUlK  ■  itrr,  III  l,,M 

fUMm  Hereto  =  3Mrad/s    ,.  X,  =  to  L  =  <15.<*  x  10"  J|  x  314  =  5  Q 

JC3  =  3ru  L  =  5  x  5  =  15  £1;     =  5w  L  =  5  x  5  =  15  O 


Hence,  the  currenl  equation  is 

r  =  ( I OU/5  ]  sin  (3 14 1  -  id!)  +  (75/ 1 5>  sill  (942f  -  rt/2)  +  (50/25 )  sin  ( 1 57JK  • 
or  i'=  III  sin  1.114-^21  +  5  -.in  <<>42/  -  n/2>  +  2  sin  I  157(1 1  -  niZ\ 


Jt/2 : 


1 1.32.  \.C.  Through  Pure  Cuparituiict.'  Alone 

When  an  alternating  voltage  is  applied  to  the  plate*  of  a  capacitor,  the  capacitor  is  charged  first 
in  one  direction  and  then  In  the  opposite  direction.  When  reference  to  Fig.  1 1.62,  let 

V  -  p,d.  developed  between  plates  at  any  instant 

if  *=  Charge  on  plates  at  that  inslant. 

q  -  Cv  ...where  C  is  ihe  capacitance 

=  C  Vm  sin  tor  ...putting  the  value  of  v. 

I^sln  nit 


The 


* — i  ~  t„,sksim  H  n/2i 

Fig.  Iti3 


Now.  current  { is  given  by  the  rate  of  flow  of  charge. 
di  dl 

it 


r=J^=4  (Cvm  sin ro>=^Vmcoswori=-^^cosflM=^ 

dt    dt  l/tot  1/wC     ^       2  J 


V  V 

Obviously,  /  =17™-  -  -rr 
1    m    ItiaC  X, 


i  =  !m  sin  |  cat  - 


ll  is  rissomtnl  llui  tlw  Iwmwnics  liuvc  nn  intlmdimt  j'luw*  dWefBUCBV 


A.C,  Fundumrntah 


The  denominator  A,  =  \fmC  is  known  as  capacitive 
reactance  and  is  m  ohms  if  C  is  in  farad  and  u)  in  mdian/ 
second.  It  is  seen  that  if  the  applied  voltage  is  given  by  v  - 
Vm  sin  (Of,  then  the  current  is  given  by  i  =  lm  sin  i  uv  +  xJ2\. 

Hence,  we  find  thai  the  current  in  a  pure  capuciier  J  cads 
its  voltage  by  a  quarter  cycle  as  shown  in  Fig.  II  .63  or 
phase  dtffernce  between  its  voltage  and  current  is  rr/2  ^ith 
the  current  leading.  Vector  representation  is  given  in  Fig. 
1 1,63,  Note  thai  V  is  laken  along  the  reference  axis. 

I'mu  r   Inslnnlanenus  power 

p-vi-  Vm  sin  oif.  fm  sin  (to*  +  90") 

=  \'t  sin  tor  cos  to/  *  =  -  V  i  sin  2uf 
Power  for  the  whole  cycle 


,poiw  Wove 


I 


f2" 


Fie.  H.64 


-iin  2oit  dt  =  0 


This  fact  is  graphically  illustrated  in  Fig.  1 1.64.  Wc  find  thai  in  a  purely  capacitive  circuit 
the  average  demand  or  power  from  supply  is  zero  (as  in  a  purely  inductive  circuit).  Again,  it  is  seen 
that  power  wave,  is  a  sine  wave  of  frequency  double  thai  of  the  voltage  and  current  waves  The 
maximum  value  of  the  instantaneous  power  is  Vmljl- 

Example  1 1.42.  1  SO-tlz  voltage  ot'Ufl  w/li  effective  value  h  impressed  on  a  \ufnuitur\ir  nf 
Ih  *>  \xt  mi  IVVif*  rric  time  eqiuttwns  l<u  i/ir  \ttUwf  and  the  resulting  current   it't  tfu-  zeH'  <ii>> 
ilu  voltage  Hvnr  6* ■  ur  i  —  a.  ib\  Sltuw  ihn  vottuae  attd  t  umm  on  a  note  r/wxmm. 

It  ]  Shun  flu  tnlt,i!tc  ituil i  norm  >m  a  j>lia_\,ir  ,lid\;>uitt  td\  Find  the  oiumoiuih  iwm  xt.ned 
in  ihr  itifWiVmiif  Find  ihc  rtmUtr  healing  rffrt  u  tifftvo  vument  waves  of  rqmd  prok  vidnr.  lilt 
une  miUM'idui  imd  thr  other  n.  iati\>ulai  in  waveform  I  F.leeL  T*t"hntiln(iy .  Ml.diuhad  I  nit.  I90|  i 


Solution. 


-  2.10  sfe  =  235  V 


0i  =  In  x  50  =  314  rad/s;  Xc  =  1/wC  =  107314  x  26.5 


120  11 


^  =  l/n„/A't.  =  325/l20=2.71  A.  § 


90°  (lead i 

Id)  v  it)  ^  325  sin  314  i;i(t)~  2.71  sin  (3l4r  +  it/2)  =  2.71  cos  314  I 
ih)  and  U  )  These  art  shown  in  Fig.  1 1 -59. 

G*)   £™  =  \  CV'«™  =  \  (265  x  Kf*)  x  325*  =  1.4  j* 
ie]  Let  lm  be  the  peak  value  of  both  waves. 

Fw  sinusoidal  wave  •  H  -  /  2R  «  UJ-JlV  ft  »*  /'  fill .  For  rectangular  wave  :  H  <-  li  ft  -  Art. 
12.15. 


H  rectangular 
H  sinusoidal 


It  R 
r  at/2 


I*  uunplr  1 1.43.  \  <|"  pF  capacttrr  f.i  r  onnei  ted  i/crosj  a  ZJO-V.  fli-H?  tuppty  i  alcidute  ■  u  i 
lUr  't  rUtm  e  tiffcrrtt  i<\  ihr  nipanhir  \  b)  the  immmwn  rurrrut  umi  (r)  thr  r.m  >  value  nt  the  runrtU 

ditnen  h\-  xtv  iujhH  WW 


'      lh{».i»-nf  r*  ~  '-y  fim'm  ltufc4W  -C«Kt3cm  ■  fhe  rcn  iiiiTm.trni|*meii1  li  JCtim  urn  The  mituttliu! 

i"m(vin«ml  gtrrafni  mvr  <w  cnirrplcw  cy<l<  f  m» 
"    H;.  ptir-  v-jpacniv  n  meant  one  irui  has  nentier  rcwMj/K-:  ifn  aiclecuic  Iwx.  II  ihcrr  in  toiffi  in  o  larjtn.T 

thru  a  mil)  lv  frpn"«rmi:il  h>  k«»  m  mi)  high  resistant*'  j"ui«l  in  parallel  mth  ttic  pun:  enparnor    i  h  <  i»\ 

acntnparutn^ly  (uv.  n- .M;m.   h-iih  it  In  *crUr» wiTltthr  puri'  tujKidtiir.  AuicMat'thctwnaltcniuiit  r.»imiall\ 

loi  itilhntn  i  An  IJH». 


4*4 


filrctrical  Techrntlaj*y 


Soluliun.  la)  Xc  =  ■ 


I 


7t  =63./>Q 


<"C     Wr     2/1  x  50  *  50*  10" 
Ec)  Since  Z30  V  represents  the  r.m.s.  viduv. 

•  ■  =  2WJfr  =  230/63.6  =  3.62  A  (*)     =  /w  x>/2  =3.62x>/2  =  5-H  A 

Example  11.44.  //;«■  rollttgr  uppltcJ  itcnnk  t-brumfurJ  a'rvuit  of  Fin  if. 65  it  ifivrn  /jv  V  = 
/OfJ  vhi  iSOiN)!  +•  ft/'/ 1.   Caltulatr  iht  bramh  currents 
ittkt  total  vurrcnt. 

Solution,  The  total  instantaneous  current  is  the  vec- 
lor  sum  of  the  three  branch  currents 

Now    =  v/R  -  100  sin  (5000  r  +  H/4V25 
h  4  sin  (5000  /  +  ti/4) 


30  pF 


rt=  -j- j  i.(*  =  ^J  IOOsui + 


Fig.  11.65 


1 03  x  1 00  f  -  cos  (5000 /  +  it/4) 


1 


2  L 


=  -IGeotM500Di+n/4} 


f-  ^  r  ^  =  C  -™-|10n  sin  (5000 r  +  tJ4\\ 
<*        at  at 

—  30  x  ID"**  100*  5000  *  cos  (5000  f  +  Jt/4|  =  15  cos  (5000 1  +  Jt/4) 
i,  =  4  sin  (5000  r  +  k/4)  -  10  cos  (5000  r  +  ie/4>  +  15  cos  (5000/  +  n/4) 
=»  4  sin  (5000  /  +  JtM(  +  5  ins  (5000  t  +  Tt/41 

OBJECTI VE  TESTS  -  1 1 


An  ax  current  given  by  i  =  14,  (4  sin  tan  + 
re/6 )  has  an  rm.s  value  of  —  amperes. 

(ni  10 

(fr)  14.14 

(e)  1.96 
00  7  07 

and  ;i  phase  nf  —  degrees. 
ir)  (80 
(/)  30 
<jl  -30 
ifci  210 

If  r ,  =  A  nin  tax  and  e ,  =  fl  sin  <«v  -  then 

(al  rj  lags  tj  by  8 

(d|  e2  lop  r,  by  8 

|e|   tv,  leads  r .  by  8 

td)      is  in  phase  with  e2 

From  the  (wo  voltage  equations  t K  -  Em 

sid  lOOs/  and  i-g  =     sin  ( JtXhrr  +  n/f>).  n  is 

obvious  thai 

(til  A  leads  S  by  30* 

(fc)  5  achieves  its  maximum  value  U6ml 
second  before  A  does. 

(f)  A  tags  behind  A 


id)  A  achieves  its  zero  value  1/600  second 
before  B. 

4.  The  r.m.s,  value  of  i  half-wave  rectified  cur- 
rent h  IDA.  its  value  for  full. wave  rectifica- 
tion would  be  —  amperes, 

(*>  20 
ib)  14.14 
(ef  2Wlt 
(</>  lil/jr 

r.  A  resultant  current  is  nude  of  twu  compo- 
rn'tiK  ii  [l}A  d_c  component  and  a  sinusoi- 
dal  component  of  maximum  value  14.14  A. 
The  average  value  or  the  resultant  current  is 
—  amperes. 

<fl>  0 

ib)  24.14 

U-J  10 

{d}  4.14 

and  r.m  :-  value  is  amperes. 

It)  10 

if)  14.14 

M  24,14 

(ft)  100 


\.C\  Fundamentals 

r>.  The  r.m.s,  value  of  sinusoidal  a.c  current  is 
equal  lo  its  value  at  an  angle  of  —  degree 
(a)  60   (i>)  45    i,  >  10   (d)  90 
Two  ■imu'viiiiJal  currents  are  given  by  the 
equations  ;  /j  =;=  10  sin  iti*  +  it/3)  ,ni>l  i.  .  l:: 
sinfojf-  jc^4>.  The  phase  difference  between 
Ltierfi  is  —  degrees 
to)   105   (« 75   (fj  15    (.d)  60 

N.  As  sine  wave  has  *  frequency  of  50  Hz.  Its 
iingtiiai'  frequency  is  —  radian/second. 
(d)  50Ai   (A)  50/2  K   ic)  50  n   fffl  100  ft 

I,  An  i_c.  current  ii  given  by  (tt  100  sin  100.  It 
will  achieve  a  value  of  50  A  after  —  serond. 
<a)  IfcOO  ffr}  1/300  it)  1/tBOIJ  5/900 
1 1|.  The  re  at  lance  oflcrcd  by  a  capacitor  to  alter- 
nating current  of  frequency  SO  Hi  is  1 0&  If 
frequency  is  increased  la  LOO  Hit  rcacinntc 
becomes — ohm. 

<ff)  20  (A)  5 

icl   2J5  (d)  40 

1 1.  A  complex    current  wive  ii  given  by 


465 

i  =  5  +  5  sin  KM  xf  ampere  Its  ama^e  valiH 
is  —  ampere 

(a}  10  Ift)  0 


0  n  2k     al  !w 


Fig.  |I4| 

Ii  The  current  through  a  resistor,  has  a  wave- 
form as  shown  in  Fig,  1 1 .66.  The  reading 
shown  by  a  moving  coil  ammeter  *if!  be — 
ampere. 

<">    5/^2  (*) 
Ic)   5/K  0/)  5 

> Principles  <if  Fled.  Entaj.  IMM  I  nh.  Jul)  lvR4i 


4    1)1       p  ft       ^  K       0   i       fi|     /'J'i       T  '(■       <7  f       1  t  | 


six  I  \\*\:\ 


12 


COMPLEX  NUMBERS 


12.1,  MBlhtmittkul  Ki'pri'M'fitaUiiii  <>r  Vvcttirx 

There  are  various  forms  m  mciluuls  at'  representing  vector  quantities,  all  of  which  enable  those 
operations  which  flue  earned  out  graphically  in  a  phasor  diagram,  to  be  performed  analytically.  The 
various  methods  tire  : 

(it  Symbolic  Notation.  According  to  this  method,  a  vector  quantity  is  expressed  algebraically 
in  terms  of  its  rectangular  components.  Hence,  thin  form  ot  representation  is  also  known  as,  Rectan- 
gular or  Cartesian  form  of  notation  or  representation. 

(if)  Trigonometrical  Form  (Hi)  Exponential  Form  (if)  Polar  Form 

liZ.  Symbolic  MiiLiIUjh 

A  vector  can  be  specified  in  terms  of  its  A-eompoiient  and  P-componcnt,  For  example,  the 
vector  OE{  (Fig.  12.  h  may  be  completely  de- 
scribed by  stating  that  its  horizontal  component  is 
(i,  and  vertical  component  is  hr  But  instead  of 
stating  this  verbally,  we  may  ex  press  symbolically 

where  symbol  j,  known  as  an  operator,  indicates 
tint!  component  ft,  is  perpendicular  to  component 
u,  and  that  the  two  terms  are  nor  to  be  created  like 
terms  in  any  algebraic  expression.  The  vector  writ- 
ten in  this  way  is  said  to  be  written  in  'complex 
form'.  In  Mathematics,  til  is  known  as  real  com- 
ponent and  b,  as  imaginary  component  but  in  elec- 
trical engineering,  these  are  known  as  in  phase  ( or 
active)  and  quadrature  (or  reactive.)  components 
rcspce  lively. 

The  other  vectors  OE:,  OF^  and  OEi  can  simi- 
larly, be  expressed  in  this  form. 

Ej  -  -vj2  +  jb2  ;  E3  =  -tf3  -]b3 :  E4  -  +at  -jbt 

It  should  be  noted  that  in  this  buoL  a  vector  quantity  would  be  represented  by  letters  in  heavy 
type  and  its  numerical  or  scalar  value  by  the  same  letter  in  ordinary  type.*  Other  method  adopted  lor 

indicating  a  vector  quantity  is  to  pul  an  arrow  about  the  letter  such  as  £' . 


The  numerical  value  of  vector  Ej  is  <ja[  +  bf  .  Its  angle  with  A'-axis  is  given  by  0  =  tan  1  (6, /a,}. 

I  l.X  Sijmifivjinct;  "f  Opei-alur  / 

The  letter  j  used  m  the  above  expression  is  a  symbol  of  an  operation,  lust  as  symbols 


Tdr  inufTHUiuV  <>t  j  \e<J.w  I;,  v.iiu-unw*  sitllcd  ■•roxlulm.'  jud  n  wpnUKttui)  h\  I  /.  I  M  t 


4t.<. 


f  iimpltx  \mnhi  n  4h7 

etc.  arc  used  with  numbers  for  indicating  certain  operations  to  be  performed  on  those  numbers, 
similarly,  symbol  j  is  used  to  indicate  the  counter-clockwise  rotation  of  a  vector  thruugh  W.  tl  is 

assigned  a  value  of  <J(-\)  * .  The  double  operation  nf  j  on  a  vector  rotates  it  counter-clockwise 
through  I  HIT  and  hence  reverses  its  sense  because 


When  operator ;  is  operated  on  vector  E,  we  get  the  new  vector  JE  which  is  displaced  by  Q(F  in 
counter-clockwise  direction  from  E  (Fig,  1 2.2).  Further  Application  of  j  will  give  fE  =  -E  us  shown. 

Ir  lire  operator  i  is  applied  lo  Lhc  vectt>i  ,''F.  the 
result  is y*E  -  -/E.  The  vector /E  is  2  7(f  counter- 
clockwise from  the  reference  axis  and  is  directly 
opposite  to  jE.  If  ihe  vector _/'*E  is,  in  turn,  operated 
on  hy  j,  the  result  will  he 

ft  -  [n^TE  =  E 
Hence,  it  is  seen  that  successive  application-, 
of  the  operator]  to  the  \ector  V.  pnilucc  ■•ulcomvc 
W  steps  of  rotation  of  the  vector  ui  the  counter- 
clockwise direction  without  in  any  way  affecting 
the  magnitude  of  the  vector. 

It  wilJ  also  he  seen  from  Ftg.  12  2  thai  the  ap- 
plication uf  -j  to  E  yields  -  jE  which  it  a  vector  of 
identic  ui  magnitude  but  rotated  W  cloihi  r.ie  from 


ISO" 


Summarising  the  above  we  have 


,1 

J  ~ 
i  ~ 


J  = 


li  -.Mould  also  be  noted  that  - 

J 


90"  ccw  roialion  = 
180"  ccw  rotation  = 
l~ir  u»  mutton  = 
360°  ccw  rotation  p 
45(1"  ccw  rotation  - 

?  -'  J 


/Ml 

\^Y)f  =-l: 


1 1.4  I  unjtigate  <  ompien  Numbers 

Twu  complex  numbers  are  sid  to  be  conjugate  if  they  differ  only  in  the  algebraic  sign  of  their 
quadrature  components  Accordingly,  the  numbers  iti  +  jb)  and  Id  -  jb)  are  conjugate.  The  sum  of 
two  conjugate  numbers  gives  in- phase  (or  active)  component  and  their  difference  give*  quadratuie 
(or  reactive)  component. 

12,5-  Trigonometrical  Form  nf  Vector 

From  Fig.  J  2  3,  it  is  seen  that  X-L-umfHirtLM  o/E  is  £  cos  8  and  ^-component  is  £  sin  G.  Hence, 
wc  Liui  represent  the  vector  E  in  die  form  :  E  =  £  (cos  ft+J  sin  8) 


In  \tuilifr;:.Liu  -.  .  I.  i-  denoted  hv  ;  hui  in  electrical  enuiticcfift|t  j  r»  jJojilcd  because  letter ;  is  icservcd 
inr  iL-prt-vriinng  Luirenr    l~his  help*  to  avnul  contusion 


4*8 

This  js  equivalent  to  the  rectangular  form  E  =  a  +jb  because 
a-E  cos  8  wd  b^E  sin  8,  In  general,  E  =  E  (cos  8  ±  j  sin  8). 

1 2.6.  Exponential  Kurm  nf  \  vclcir 

It  con  be  proved  that  e*  *  =  (cos  9  ±  y  sin  8) 
This  equation  is  known  us  Euicr's  equation  after  the  famous 
mathematician  of  18th  century  :  Leonard  Euler. 

This  equation  follows  directly  from  an  inspection  of 
Maclaurin*  series  expansions  of  sin  (J.  cos  9  and 

When  expanded  into  series  form  : 


Eleclritat  Tcthnotogj 


Esin  9 


Fir.  113 


cos 


L2  L6 


l-l- J1  +  JL_ 


and  sin  9  =  B  -  JL+JL- 
£.3  L5 


87 
Z.7 


J*    i     ffl     (jflr     Q9)'     (J8)'     (jfl)1  (jS)* 

Keeping  in  mind  thai  y3  =  - 1  ./  =  -/./  =  I,/5  =  -y,  y*  =  - 1 .  we  gel 


+  J 


£.3    £5  £7 


,\       -  cos  6  +  j  sin  9 

Similar)},  it  can  be  shown  that       -  cos  9  -j  sin  6 

Hence  E  =  £  icos  j  fl  ±  sin  9)  can  be  written  as  E  =  Ee*fi.  This  is  known  as  exponential  form  of 
representing  vector  quantities.  1 1  represents  a  vector  of  numerical  value  £  and  having  phase  angle  of 
±  9  with  the  reference  axis. 

12.7,  Polar  Form  of  \  lettir  Kc|iresi'iiij|jnn 

The  expression  E  (Cos  %+j  sin  9)  is  written  in  the  simplified  form  of  E  Zb  In  this  expression. 
E  represents  the  magnitude  of  the  vector  and  8  its  inclination  (in  ccw  direction]  with  the  .Y-axis.  For 
angles  m  clockwise  direction  the  expression  becomes  E  Z  —9.  In  general,  live  expression  is  written 
as  £  ^L±f).  It  may  he  pointed  out  here  thai  E  Z±  8  to  .simply  a  than -hand  pf  symbolic  Style  of  HTitiit}( 
EevU  Man.  the  form  is  purely  conventional  and  docs  not  possess  the  mathematical  elegance  of  the 
various  other  forms  of  vector  rcpresenlalion  given  above. 

Summarizing,  we  have  the  following  alternate  ways  of  representing  vector  quantities 

I  j  I  Rectangular  form  lor  complex  form)  E  =  a  +  jh 

lit)  Trigonometrical  form  E  a  E  (cos  fl  ±j  sin  0| 

[Hi)  Exponential  form  E  =  Ee*fi 

Kfv)  Polar  form  (conventional)  E  =  £  Z  ±9. 

Example  12.1.  Write  the  cqut\~att-nt  exponential  and  polar  forms  of  valor  3  +  }4.  Hun  will  wit 
dhtAirute  thr  »*v  tor  mean*  of  tlioiftmn  ' 


Ftmvfhm'.  liltt  k.o»  t).  *in  U  and  r"*  etc.  can  he  cxpunilot  mm  wn^  tnnn  with  uit  help  nf  Mot-aliinn'k 


Tliei.>ftni  The  [tn-vir«n  slant*  f[B)  =  fM)  + 


•toif  t  /J(Q)fl:  i  /'rna3  t 


1 


Zl 


whett  f  (Hi  rv  function  of 


9  which  i>.  i<]  hccipmiJcd./lUiu  the  wluc<if  the  fuuetinn  when  8=0./'(0i  i»  ihc  ^ Jilire  of  fmidcmaiiic 
»l   i  H  i  when  tt  =  0.  fun  h  i  lie  .nhic  >if  ^evund  dcnMiuve  at  furwinm  hbi  when  CI  =  I  ck 


5  Z53.T  =  5e 


4ft<> 
)52A" 


( timpia  \tmit>er.\ 

Solution.  Wilh  reference  to  Fig.  12.4.,  magnitude  of  the 

vector  is  =  ^3'  +  4^  -  5.  tan  G  =  4/3. 

.:    8  =  tan"1  (4/3)  =  53. !" 
.*■    Exponential  form  =  5  efiii 
Hie  angle  may  also  be  expressed  in  radians. 
Polar  form  =  5  Z53.T. 
F.xampk-  111  A  iivfcr  u  trpmenteJ  h  20  v'1**".  Writs  12  4 

ike  wirumx  fijuii'itli'tn  tfrmt  of  the  vsi  tor  iiml  illuxiraiu  by  mean.*  of  a  vt'itor 
tUugrum.  thf  nuixiiitutii'  ami  QOxUfaii  nf  tlir  abovr  vi  ctor. 
Solution.  The  vector  is  drawn  in  a  direction  making  an  angle  of  2nJ3  =  \2(T 
in  the  clockwise  direction  (Fig.  12.5).  The  clockwise  direction  is  taken  be- 
sLtuse  the  angle  is  negative. 

lit  RertsiiiRiilnr  Form    a  -  20  cos  t-120")  =  -10  : 
b  =  20  sin  (-120°)  =  -17 .32 

.-.  Expression  b  =  (- 10  -  j  1 7.32) 
in  I  Piiliir  Form  is  20  Z  -  120° 


-17,321 


Rj«.  12  J 

12. S.  \ddilioii  anil  Hohinutinn  nf  Vector  Quantities 

Rectangular  form  is  best  suited  for  addition  and  subtraction  of  vector  quantities.  Suppose  we 
Lire  given  two  vector  quantities  E,  =  a,  +  jb{  and  E3  =  a2  +  fb2  and  it  is  required  to  find  their  sum  and 
difference 

Addition.      E  =  E,  +  Ej  =■  fl,  +jbi  +  at  +  jb2  =  (a,  +  Oj)  +j(bl  +  b2) 
The  magnitude  of  resultant  vector  F  is  +  b2y 

b  1 


The  position  of  I  *ilh  respect  to  X-axis  is  fi  =  tan 


,   i 

^  /*  i 

 ^-   / 1 

/  •  /  i 

f   /  4 

f  /  t 
J  /  t 

T 

7/  ^«E' 

1 

»V  i 

r      T      T  1  ,  .  . 

X'- 


V 


0 

A 

t/  i"1 

1  J 

-bl\  / 

(l  /  ' 

I  / 

-V1 

V 

Fifi.  12.6 


1%  03 


A  graphic  representation  of  the  addition  process  is  shown  in  Fig.  I2,G 

Su  hi  ruction.       E  =  Et  -  E,  =  (a,  +  jb ,)  -  (Hj  +  jij)  =  fa,  -  a3)  + j  - 

Magnitude  ol        E  =  ^{a,  -a^1 +(b{  -  A,)3 

Its  position  with  respect  to  .i-fixis  is  given  o\  die  angle  fl  =  tan  1  — I — ^-  , 
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The  graphic  representation  of  the  process  of  subtraction  Is  shown  in  Fig,  12.7. 

MuttipiU  ali<>n  mid  Uivisjun  nf  Vector  IJuiinlilks 

Mu  Hi  plication  and  division  of  Vectors  becomes  \tity  simple  and  easy  if  they  are  represented  in 
the  putur  or  exponential  form.  As  will  be  shown  below,  the  rectangular  form  of  representation  is  not 
well -suited  for  ihi.fi  process. 

\>\   Multiplication  -  Rectangular  form 

Lei  the  two  vectors  be  given  by  A  =  a,  +  )h}  and  B  =  a2  +  jb2 

A  *  B  =  C  =  (a,  +  jb,  i  (a3  +  jfy  =  a}a2+  f&fy  +■ {a  fa  +  bfo) 

-  i/Jia2-b]b2)  +j  (a,*,  +  f>,«j)  (■-■  /  =  -!) 

The  magnitude  of  C  =  -Jltf,^  -^^j)2  +  lu/,3  +  h]aJ}l\ 

In  ans.lt-  with  respect  to  .Y-axis  is  given  by  6  =  tan-1  r  11  \h  +  ^\ai 

4 i i  h  Division  -  Rectangular  Form  :  A  _  ot  +  jftj  _  (a,  *  j^j  fa3  - 

J*    <j2  +  j'/ij    (a2  +  jb2 )  (a-,  -  jb2 ) 

Both  the  numerator  and  denominator  have  been  multiplied  by  the  conjugate  of  (a2  +  jbj  i.e.  by 
(«2  -  jb2) 

^        Ui{a2  +■  fyk,  I  +  /(iyj^  - 1/^  i  _  tJ  [£i2  +  a{b ,  +  fj|/?  i 

I  ■    —  -pi  -J  -p  .J  -I  -p 

R  n,  +  f>;  a~  +  b:  a'  ■+-  hZ 

The  magnitude  and  the  angle  with  respect  A'- as  is  can  be  found  in  the  same  way  as  given  above. 
As  will  he  noted,  both  the  results  arc  somewhat  awkward  but  unfortunate! y.  there  is  no  easier 
way  to  perform  multiplication  in  rectangular  form. 
I  ■ //  >  Multiplication  -  Polar  Form 
Let  A  =  a,  +  jb]  =  A  Z(t  =  A        where  a  =  tan"'  iht/a] ) 
B  =  a,  +  jb2  =  B  Zp  a  B  e'n    where  p.  -  tan"1  {b^a^ 
.',    AJS  =  AZ.a  x  B  Zp  =  AB  Z  fa  +  pfj*  or  AB  ~  A**  x  B^  =  ABe*"  ^' 
Hence,  product  of  any  two  vector  A  and  It  is  given  by  another  vector  equal  in  length  to  A  x  B 
and  having  a  phase  angle  equal  to  the  sum  of  the  angles  of  A  and  B. 

A  -  A^<*  _  A  ,tn  ft\ 
I   "  B~^'BA^} 

Hence,  the  quotient  A  +  B  is  another  vector  having  a  magnitude  of  A  +  B  and  phase  angle  equal 
to  angle  of  A  minus  the  angle  of  B. 

....  A  -  A  J[a-fo 

Jt    =  Be*~~B 

As  seen,  the  division  and  multiplication  become  extremely  simple  if  vectors  are  represented  in 
their  polar  or  exponential  form. 

Example  12,3.  Add  tlw  1'itlknving  vectors  aiven  in  ret'taiij(ular  fontt  and  illustrate  the  fffOCAii 
$raphicalh: 

A  =  16  =  /  12,   B^-h+j  10.4 

•  A   =■  A  leiw  a  +  /4itt  ctutul  fl  =  B  tec*  jl  t  /  sin  [ii 

AB    =  AB  icur,  ii  l(»s  fl  +  i  ;\n  it  OOt  fl  *  |  tin  °-  ^"  1^  +  ,/'  iH  ■  Mb 
>r  Afltcm  a  cm  |J  -  nn  u  iin  |ii  *  /  ism  a  cos  fl  +  cos  o  sin  |ij  | 
=  A5{cos  (fx  +  JJj  +  j  «n  («  ♦      =  AB  ita  I  |J) 


Complu  \umben 

Knlulimi.  WK  =  C=U6  +  j  121  +  1-6  +  /  10.4)=  10 +j  22-4 
A    Magnitude  of  C  m  7(10I  +  22.4I)  -  25,5  until 
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Slope  »f  (J  -  8  =  tun 

The  vector  addition  is  shown  In  Fig.  12.8 
<i=lan  1  (|2/I6)-J£9* 
p  -  lan  '  I  -  I0.4/6J  *  -  240*  at  1 20" 

Thc  resultant  vecuir  is  found  bv  using  parallelogram  law  of  vet 
tors  < Fig.  12.8}.  Fig.  t2JH 

Kuimplc  12.4.  t'?ri,oui  ttie  Intlowin^  tywunum  a»tt  i  \frr'\\  itieftiuii  rrxuli  m  tttr  fxilw  ■ 
3  i.  W  ■  I        Hi  (Elccu  Emu;,  it;  F.lrctrunlt -i  Kunjculoro  I'nh,  IW9i 

Wmmn.     ...mT  =  5  a™  30*  +  j  sin  W  |  =  4.33+;  2.5 

8  Z  •  30"  =  8  [cos  l-  30")  +-  y  sin  l-  30")1  =  8  {0.B66  -  0.5)  =  6.93  -j4 

/.  5Z30*  +  8Z~30e  =  4J3  +/2J  +  6  93 -/4  =  1  120  -J\  5 ^  Jll^+lJ1  Ztnn  1  <-l  J/1 1 26  >» 

lan  '(-0  1132)  -  1 135  Z  7.6* 
Likjiiiipk'  US.  .Vt/if  imi  Mi*-  fotbt>*in§  ffix-rn  \rilor\  (n<m  rw  tmnthfr 

A  =  ,<0  t  /  £2  Mill  rJ  =    .IV.  5    /  N..*ft 
Soliinmi.       A-B  =  C'  =  t3<W52)-(-39,5 -j  1 4/36)  =  69-5 +  ./ 66 Jfi 

/.    Magnitude  af  C  *   J(66.5J  f  66.36J^  =  96 

Slope  of  f  =  tan  1  (66J6/69J]  =  4J.6"    .-.  C  =  %  Z  43.6V 

Similarly       B  -  A  =  -  69.5  -  j  66.36  -  96  Z223.6"*  or   =  96  Z-  1 36.4' 

kxamptc  12.6.  (j/hh  rfrjMh**6tj  rno  mtn/*  . 

.i  =  |d z 6tr  ijiir/ flr<z  io" 

{■'rrfntiH  tht'  fi'tlnwtnji  mdiitili'il  aju-riUuim  ami  ittmtrutf  tirtipim  uih  Hi  A  •  rt  >W  fiiK'l/H. 

Sulniiun.  in  A  x  B  =  C  =  20  Z  60°  *  5  Z  30°  =  100  Z  90' 
Vector*  iire  shown  in  Fig.  12.9 


i 


r 

1%  12.9 


/  ' 

/      -rH-  S/.30' 

f 

Fig.  12.10 

Iuji  0  =  <rf>  sWMt  3  ju  V  -  Liu   l Mi  .4UW.Sk  *  4.1ft'   .Shrc  l^tli  .  jimpuneni*  .lie  nc^nve.  the  vcLtut  l»e> 
in  U.inJ  itiuiiranL   llcit^t  "Ik'  4t»tli:  meajjircii  Ipkii  -  «c  lUreutun  ul  \-un>  u»id  ill  ltli!  CCTV  JtrcLlluu 
is  =  i  ISO  »  4>6)  =  :2Tn' 
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Kxiimple  11.7.  Perform  file  p'Uo»  hit-  opt  ration  and  tin  fmal  n  suit  ma\  he  given  in  tlte  jHtlai 
form  :  {&  *  jttl  x  (-fti-j  7J)  1  Elect.  Liijik-  &  F.I  eel  runic?.  Bangalore  Unit .  I9*HI| 

Soliilion.  We  Will  use  the  following  two  methods  to  solve  the  above  question. 
Met  hud  No.  1 

We  know  that  multiplication  of  (A  +  B)  and  (C+  D)  can  he  found  as  under : 
A  +  B 
xCtD 


CA  +  Cfl 

+  DA  +  DB 


CA  +  CD  *  DA  +  DB 


Similarly,  the  required  multiplication  can  be  carried  out  as  follows  : 
8  +  /6 

x-  1(1  -;7.5 

-SO-  /60 
->  GO  -  /45 


-80-jl20  +  45 

or   -  35  —  J 1 20  =  ^(-35)3  +  C-320>3  [tan-1  ft 20/ 35)  =  125  tan-1  3.42  -  125 1 73 .8" 


Since  both  the  components  of  the  vector  are  negative,  it  obviously  lies  in  the  third  quadrant  As 
measured  from  the  Jt-axis  in  the  CCW  direction,  its  angle  is  -  180°  +  73.8°  =  253.8*,  Hence,  the 
product  vector  can  be  written  as  125  Z  53.8°. 

Mt  lhiHl  No.  2     8  +  j  6  =  JO  Z  36.9°,  -  10  -j  7.5  =  12,5  tan"1  0-75  =  12.5  Z  36.9°, 

Again  as  explained  in  Method  I  above,  the  actual  angle  of  the  vector  is  180°  +  36.9°  -  216.9° 
-  10  -  /  7.5  -  12,5  Z  216,9    I    10  Z  36.9°  x  12.5  Z  216.9°  -  125  *  253-8° 

Example  I2.N.  The  fiithwin/i  three  Vtt  U'n  ore  gtvrn  : 

A  =  20  4  j2il,  X*3G  Z-\ll\  and  r  -  *|  -  $ 

Perform  the  fW/im-f/ie  induaicd  opent!usn.\ 

AB  ,.  BC 

0)    -^r     mill    00  —r*- 

Solution.  Rearranging  ail  three  vectors  in  polar  form,  we  get 

A  =  28.3Z45n,B  =  30Z-  120°.  C=  lGzQ° 
Ab  mZ45^x30Z-l20:=S4^_75D 
"?  c  10Z0° 

Rr       30  Z- 120x10/0"    in,  ,  ,,,D 

(Ifi  —   -    JJjn  =  10.6  Z  -165 

lJ''  A    "  28,3/45° 

Example  12.9.  Given  twt  current  it-  It)  sin  tint  +  ti/4{  ami  i,  =  5  <  os  (at  t-n/2y ,/rW  the  «*Mt 
mhu-trft,  *  t  ,iixm$  the  famplex  mimhrr  repre\etti<ilH*i.  fEleeL  Circuit  ITieon.  kcruln  I'niv. 

Solution.  The  maximum  value  of  first  current  is  1 0  A  and  it  leads  the  reference  quantity  by  45°. 
Thc  second  current  can  be  written  as 

L  =  $  cos  (ow  -n/2)  -  5  sin  (90  +  (m  -  ir/2}]  =  5  sin  air 
Hence,  its  maximum  value  is  5  A  and  is  in  phase  with  the  reference  quantity. 
Ki  =  1 0  (cos  45*  +  j  sin  45")  =  J7.07  +  J  7.07 ) 
IwJ  =  5(cosO*+jsinO°)  =  (5+;0) 
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The  maximum  value  <>1  resultant  current  is 

lm  =  n.ffj  +  j  7.07)  +  (5+jQ)  =  J 2.07  +  /  7.07  =  14  Z  30.4° 

R.M.5.  value  =  14/V2  =  10  A 

12.1ft.    I'uuvr  und  Knots  of  V  mors 
Id )  Powers 

Suppose  it  is  required  to  find  the  cube  of  the  vector 3  Z  15"-  Far  this  purpose,  the  vector  has  to 
be  multiplied  by  itself  three  times. 

.-.    [3  Z  15)-  =  3  x  3  *  3.  Z  f  15"  +  15'  +  15")  -  27  Z  45*.  la  general.  A"  =  A"  Z  «a 

Hence,  nth  power  of  vector  A  ts>  a  vector  whose  magnitude  is  A"  and  whose  phase  angle  with 
respect  to  JF-*xis  is  ntt 

It  is  also  clear  that  ANB"  =  A'iT  Z  (na  + 

(A  i  RtKiLs 

It  is  clear  that       ^8  Z45°)    =  2  Z  15" 
In  general,  »f\    -  ^4  =  Za/rt 

Hence,  mh  root  of  3  vector  A  is  a  vector  whose  magnitude  is  n  Ja  and  whose  phase  angle  with 
respect  to  X-axis  ii  ajn. 

12.11.    lb*-  1211  Operator 

En  three -phase  work  where  voltage  vectors  art  displaced  from  one  another  by  120°,  it  is  Conve- 
nient to  employ  an  operator  with  rotates  a  vector  through  1 20°  forward  or  backward*  without  chang- 
ing Its  length.  This  operator  is  *a\  Any  operator  which  is  multiplied  by  'a'  remains  unchanged  in 
magnitude  but  is  rotated  by  120*  in  the  counter-clockwise  (ccwj  direction. 
a  a  I  Z  120° 

This,  when  expressed  in  the  cartesian  form,  becomes 

a  =  cos  120"  +j  sin  1203  =  -  0.5  +  j  0.K66 

Similarly,  *'  ~  I  Z  120*  x  I  Z  120"  ■  I  Z  240*  =  cos  240"  +/sin 
240°  =  -  0.5  -  j  0.866 

Hence,  operator  *a'  will  rotate  the  vector  in  ccw  by  240".  This  is 
the  same  as  rotating  the  vector  in  clockwise  direction  by  120". 

ci:   =  I  Z  -  120°.  Similarly.  o?  =  t  Z  360e  =  1* 

As  shown  in  Fig-  J2- 1 1,  the  3- phase  voltage  vectors  with  standard 
phase  sequence  may  be  represented  as  £.  a'L  and  uE  or  as  £.  E  f—  0.5 
1 0,866)  and  £  1-05+ j  0.866) 

It  is  easy  tn  prove  thai 

(i)   </!+fls  -  I  (it)  a1  +  a  +  I  =0  (ffi)  a'1  +  a~  +  a  =  0 

Nntc.  Wc  have  seen  in  An.  1 2  3  thai  operator  -}  turns  a  vector  through  -  90*  i  f  through  90"  in  clockwise 
diitfL-tion    Bai  it  should  he  t-Jcurly  noted  [hul  njn.-i.ilor  '    <r'  Ji*m  run  turn    u-ftor  Irimnijli     I  20  R;i[li-.-i 
u  luira  n  vcclor  through  -  W>"  as  shown  below. 

|-'\ani|jlv  12.10.  I  vtitutiic  lilt  tollowtnx  e.xprruiitni  m  tht  ptthtr  fmtmiUa  —  I.  In)  I  -  <i  M 


Fr*.  12.11 


(i/ii  2ir*  3  +  w  uiijii 


fEkct.  Meas  and  Meav  Inst..  Madras  L'nr*. 


Solution.  (0  u:  =  u  x,  n  =  t  Z  1 20"  =  I  Z  240°  =  I  Z  -  120°  =  -  ^  -  j  ^ 


\ulnrnL-j]|\ ,  w  c  cqimnlrm  T"  'he  cube  mot  nt  unn\ 
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,'3 


2~  i  2 


Hirtncal  t  erhiwlt>i;v 


(if) 


<i  =  IZ120*=-Uj^ 
2  2 


:a1  =  \A240*  =  -\-j^ 


I  -  a  -  a' 


>4 


,f.+> 

2  2 


'  7 


2  + J0  =  2Z0° 


2,i;  =  2 


2«  -  2 


4^ 


2 


=  - I  +  j $ 


3-1-  j         + j>/3  =  IZOa 
_/xa=IZ90°xlZt2(r=l  Z2L0° 


2  a1  +  3  +  2  a 

Civ) 

I  ufotiul  Pmhli'iii  "^n.  12.1 

J,  Perform  the  following  indicated  operations 

U)l60  +  ,ifl«i+  (30-y40i<7;lll2-y6)-(40-j2TJMrM6*JB)r3  -)4\tf>  16+jB)  ♦ 

|«ii  i'W+j40HfrM-28+/  I4i<r>  i5ii  +j  IH  it/i  t- 0.5ft  t-j  IJttyj 
2.  Two  impedances  Z,  =  2  +  /  6  ft  and  Zj  =  6—  1 2  ft  are  connected  in  a  circuil  so  thai  Lfiey  are  additive 
Find  the  resultant  impedance  in  the  polar  form.  |  |n  £  —  Jh.9  | 

.1.  Express  In  rectangular  torm  and  polar  form  a  vector,  the  magnitude  at  which  is  l(X)  units  and  the 
phase  of  which  with  res  pet  I  to  reference  axis  is 
{a)  +  30°  ib)  .  180"  in  -  60"  lef)*  120*  («0  -  120'     -  2MT. 

H«.JM..h  *./5fl  Z.W  (Mi-IUO+yUi,  IUUZ1K0  ir»  50  ^/Sfi.fc.  IlKl  Z-M>  (rft  1-50  t/HMi,  IW  ^ 
-12U  *<■»>- 511-    S;,/,  .  HMIZ  -  1211  </>  i-?<p  *  i  Kh.h).  MM>  Z  -  2ltt  I 

4.  In  the  equation  Vm  =  V  -  Zl.  V  =  100  Z  0"  vedti,  Z  =  10    60'  ft  anil  I  =  8  Z  -  30*  amperes.  Express 
V,,  In  polar  form.  [511.5  Z  -  >1  | 

5.  A  voltage  \  =  ISO  */  IHO  is  applied  aims-.  ;in  uiipeikjiice  ami  liie  current  ttuwiiij:  i\  found  In  Iv  I  ^ 

S  -  /  4.  Determine  I  i)  scalar  impedance  i  Ut  reliance  IfW)  rtaciancc  (iv)  power  consumed 

111")  3.73  ft  uT)  IU?  ft  UtVl  Jli.ft  ft  tirl  M\  W I 


OMJKt  l         I  KS  I  S 
4. 


I    The  symbol  /  represents  counterclockwise 
rotation  of  a  vector  thorugh — degrees 
tol   ISO  ffr)  90 

<ci   360  ttf)  270 

2.  The  operates  }  has  a  value  of 

(ui  *  i  (ftp  - 1 

A  The  vector  /  f-  is  the  same  as  vector 
<.a>  j£  ib)  ft- 

(e)  /£  irfi 


-  12 

The  conjugate  of  I-  a  +  yf>i  in 

(*)  (a-j&i     ,  (b)  (-H- jb} 

lc)    (a  +  yuM  (i/)  (/ft  -  d) 

The  operator  '-  a  turns  a  vector  through — 

degrees 

l<»)   -120*  \b)  120 

It)  60  id)  -60 

The  polar  form  of  the  expression  >a  is 

V3Z3 


I") 


2Z0* 
I  Z2I0' 


lf»i 
itff 


no1 


^0" 


r>H'.4A\Sr4V 
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SERIES  A.C.  CIRCUITS 


13.1.       .  Ihniugh  RL'shtumi- uiid  Inclui  i.nn  t- 

A  pure  resistance  and  n  pure  inductive  toil  of  inductance  L  are  shown  connecled  in  series  in 
Fig.  13.1. 

Let  V  -  rjn.s.  value  of  ihe  applied  voltage,  /  -  r.m.s  value  of  the  resultant  current 
VR  =  JR-  voltage  drop  across  R  (in  phase  willi  /i,  V,  a  / .  X,  -voltage  drop  across  coil  {ahead  of  /  by  "30% 


Fir.  LU  Fig.  13.2 

These  voltage  drops  are  shown  in  voltage  triangle  OAB  in  Fig.  13.2.  Vector  OA  represents 
ohnm.  drop  Vs  and      represents  inductive  drop  \'L.  The  applied  voltage  V  is  the  vector  sum  of  the 

two  i.e.  OB. 

The  quantity  ^(fl1  ■+-  Jf "  j  is  known  as  the  impedance  (Z)  of  the  circuit.  As  seen  from  the 
impedance  triangle  ABC  i Fig.  13.3)  Z3  =  /T  +  .V,1. 

"Til 

t>.  (Impedance)"  -  i  resistance)"  +  (/WflCIiaW*) 

From  Fig.  13.2.  it  is  clear  thai  the  applied  voltage  V  leads  the  current  /  hy  an  angle  <f>  such  thai 

Yl      I  -  XL     X,     ui£    reactance   ,    .     .    -i  X. 
tan  A  =   - ■    =  — -  =  =  ■ —  . .  0  =  UU1  — u 

ltine>  ~  Vrs      f.ff      «      F  reactance 

The  same  fact  is  illustrated  graphically  in  Fig,  1 3,4. 
In  oilier  'Anidv  Lurreni  /  lags  behind  the  applied  voltage  V  by  an  angle  4>. 
Hence.  iF  applied  voltage  is  given  by  v  =  Vm  sin  to  t,  then  current  equation  is 

i  -  f:  sin  (u>  t  -     where  1~  =  Vm  I  Z 
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Fig.  133  Mr.  ISA 

In  Fig.  13.5.  /  has  been  resolved  into  iLs  two  mutually  perpendicular  components.  /  cos  $  along 
the  applied  voltage  V  and  f  sin  6  in  quadrature  (if,  perpendicular)  with  V. 


Fig.  D.5  Fig.  13.A 

The  mean  power  consumed:  hy  the  circuit  is  given  by  she  product  of  V  and  I  ha!  cumponeni  of  the 
current  I  which  is  in  phase  with  V. 

So  P  -Vx  i  cos  $  -  r.m.s.  voJtage  X  r.m.s.  current  x  cos  $ 
The  term  "cos  o'  is  called  the  power  factor  of  the  circuit. 

Remember  that  in  an  a.c.  circuit,  the  product  of  r.m.s.  volts  and  r.m.s.  amperes  gives  mil- 
amperes  (VA)Ortd  not  true  power  in  HtflM.  True  power  <  W)  =  volt-amperes  iVA)  x  power  factor, 
or  Watts  =  VA  x  cos  0* 

It  should  he  rwted  thai  power  consumed  is  due  to  ohmic  resistance  only  because  pure  induc- 
tance does  not  consume  any  power. 

Now  p  =  V7  cos  $  =  VI  x  {R/Zi  =  tV/Z}  x  I.  R  =  I1  R  {  .  cos  *  -  R/Z)  or  P  =  FR  watt 
Graphical  representation  of  I  be  power  consumed  is  shown  in  Fig-  14.6. 
Let  us  calculate  power  in  terms  of  instantaneous  values. 

Instantaneous  power  is  =  v  i  =  V„  sin  CW  x  Im  sin  (OK  -  0)  =  Vjtm  sin  oa  r  sin  (tai  -  0) 

.  ^  VM  ^(costti  -cos(2uV  -*>j 


Wlnlr  dealing  rtilii  large  >uppiie>  at  electric  power,  it  is  convenient  to  use  kikiujtt  us-  the  linn 


Serir*  A.C  Circuit* 
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=  ^  K,  Im  I         *~  tOS  <2wl  "  *1 


Average 


Hg.  15.7 


ence  axis  is  $  =  lan  {XLfR) 


Obviously,  this,  power  consists 
of  two  parts  (  Fig.  13.7). 

(Y)  a  constant  part  \  Vjm  cos 
<t>  which  contributes  to  re  a]  power 

I 

[;/)  a  pulsating  component  ^ 

^V«r  cos  (2«  f  -  0)  which  has  a 
frequency  twite  that  tit  [tic 
age  and  current.  It  does  not  con- 
tribute to  actual  power  since  its 
average  value  over  a  complete 
cycle  is  zero. 
Hence,  average  power  con- 

H«nwd  =  \vjmax  +  =^.l£ 

cos  $  =  Vi  cos  0,  where  V  and  / 
represent  the  r.m.s  Values. 

S\  iiilmlk-  Nutation.  Z  =  R  +  jXL 
Impedance  vector  has  numerical 

value  of  ^[R1  +  . 
I  Li  phase  angle  with  the  rtfer- 


li  may  also  be  expressed  in  the  pilar  inrm  as  7.  =  7.  o 
(f)   Assuming  V 


V    V  ZO"  V 
v-Z0D:l^^  =  ^^  =  |Z-^(Fig.  13.8} 


It  shows  that  current  vector  is  lag- 
ging behind  (he  voltage  vector  by  <J>'~ 
The  numerical  value  of  current  is  V/Z. 
Hi)  However,  if  we  assumed  that 
1  =  /Z0,  then 
V  =TZ  =  1  ZVi°  xZZtf 

=  rzz$° 

It  shows  (hat  voltage  vector  is  $° 
ahead  of  current  vector  in  ccw  direc- 
tion as  shown  in  Fig.  13.9. 

J3.L  Pitner  Factor 
It  may  be  define  J  as 
(0  consine  of  the  angle  of  iead  or  lag 

W  the  ratio  *  =  resktanct  (-_  Fig  t mm  ^  ^     true  power    =       warn    __=  W_ 
Z    impedance  apparent  power     volt  -  amperes  VA 

13 J.  Active  and  Rtacmr  Components  of  Circuit  Current  I 

Active  componeni  is  that  which  is  in  phase  with  the  applied  voltage  V  i.e.  I  cos  f,  It  i*  also 
known  as  'wailful'  component. 

Reactive  component  is  thai  which  in  quadrature  with  V  t  e.  I  sin  Q.  It  is  also  known  as  'wattless' 


Fin.  I-V« 
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kW 


Fir-  13.10 
WA  =  ,/kW!  +  kVAK2 


or  'idk"  component. 

It  shouJd  be  noted  that  the  product  of  volts  and  amperes 
in  an  elc.  circuit  gives  vol  [amperes  (.VA).  Out  of  this, 
the  actual  power  is  VA  ens  $  =  W  and  reactive  power  is 
VA  sin  Q.  Expressing  the  values  in  kVA.  we  find  thai  il 
has  two  rectangular  components  : 

(/)  active  component  which  is  obtained  by  multiply- 
ing kVA  by  cos  0  and  this  gives  power  in  kv\ 

hi)  the  reactive  component  known  as  reactive  kVA 
and  is  obtained  by  multiplying  k  Vu  by  sin  0.  Il  is  whiten 
as  kVAK  (kilovar).  The  following  relations  can  be  eas- 
il\  deduced 


kW  =  kVa  cos  *  and  kVAR  =  kVA  sin  <J> 

These  relationships  can  be  easily  understood  by  referring  lo  the  kVA  triangle  of  Fig.  13.10  w  here  ii 
should  he  rioted  that  lagging  kV  AR  has  been  taken  .is  nefl;irivi: 

For  example,  suppose  a  circuit  draws  a  current  of  I  (JOG  A  at  a  voltage  of  20,000  V  and  has  a  power 
factor  of  U.S.  Then 

input  =  1.000  x  20.000/1  000  =  20.000  JtVA;  cos  *  =  0  8.  sin  *  m  0.6 

Hence  kW  =  20,000  x  0.8  -  16,000  :  kVAR  a  20.000  x  0.6  -  12,000 

^16000"  + !2000: 


kVA  =  J 


kW  +  kVAR' 


ObvloiLsly,  J16000-  +12000"  *•  20.000 
U.4.  \clive,  Reactive  :ind  Appnrmt  I'impr 

Let  a  series  R-L  circuit  draw  a  current  of  /  when  an  alternating  voltage  of  r.m.s.  value  V  is 
applied  to  it.  Suppose  that  current  lags  behind  the  applied  vollage  by  The  three  powers  drawn  by 
the  cuxuil  are  as  under  . 

h  i    appureiil  power  iSi 

It  is  given  by  the  product  of  r.m.s  values,  of  applied  voltage  and  circuit  currenl- 
.-,     S=  Vf  =  </Z).  I^r  i  volt-amperes  (VA | 
rti'l  active  |Mi«cr  I/'  or  »  1 
Il  is  the  power  which  is  actually  dissipated  in  the 
circuit  resistance.  P  =  tR  =  VI  cos  ♦  watts 
i/ii  l  reactive  power  iQ) 

ll  is  the  power  developed  in  the  inductive  reactance 
of  the  circuit. 

Q  s  ?XL  =  f1 .  Z  sin  «  =  I .  ffZl  sin  $  =  W  sin  $  volt- 
amperes-reactive  (VAR) 

These  three  powers  are  shown  ui  the  power  triangle 
of  Fig.  13.11  from  where  it  can  be  seen  that 


J? 


Fig.  (3.1 1 


13.5.  O-tachir  of  a  (  oil 

Reciprocal  of  power  factor  is  called  iht  (J-factor  of  a  coil  or  us  figure  of  merit.  It  is  also  known 
as  quality  factor  of  the  coil. 

J   1  _Z 


Q  factor  = 


power  factor    cos  <i> 
if  R  is  small  as  compared  to  reactance,  then  Q- factor  =  2JR  a  a>  UR 

maximum  energy  stored 


Also. 


Q  =  2n 


energy  dis-stpaicd  per  cycle 


—in  the  coil 


Series  l.f Circuit* 
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E*amj>le  13.1.  tn  M  iene\  nnuit  t 'tmtaininx  purr  rexixrwu  r  mtta  pure  inductance,  the  currrtd 
uiui  ttut  viitutfir  arc  expressed  at 

H  ri  =  i  via  ( J  14  i  4  2  Jt/3 )  ami  x u>  -  15  irw  i  3  1 4  i  +  5  n/fn 

(M  MM  jH  f'if  intpedancc  of  the  ciradi  ?  {b\  WImi  i>  the  value  of  ihr  resistance  '.'  (r)  Wton  *> 
/■y^/  inductance  in  Iwurys  ?  i<0  tWua  l.i  f/ir  average  pttwer  tiruwtt  t>\  fJic  rinnit  H'/«;f  i.t  j/»r 
/MM*  factor  7  [Kk-ti.  I  L<thiiolir|>>.  hulori;  I  un.  I'*1S(i 

Solution.  Phase  angle  of  current  =  2  n/3  =  2  ji  1 807.1  =  1 and  phase  angle  of  voltage  =  5  It/ 
6  =  5x1  W176  =  150",  Also.  Z  -         =  3  & 

Hence,  current  /ri#.i-  behind  voltage  by  30°.  It  means  that  it  Is  an  R-L  circuit,  Also  3 1 4  =  2it/or 
/  =  50  Hz.  Now.  RfZ  =  cos  30*  =  0  866:  ft  =  2.6  f  1 ;  X,/Z  =  sin  W  =  0.5 
)ft=|jQ  314  I.  =  1.5.      /,  =  4.78mH 

(a)  Z  =  3Q  {fe)n*  =  Z.fttll    tf)  £  =  4.7K  ml! 

P  =  ?R=  {5(^2)'  x  2.6  =  32.5  U    (?)  p.f.  =  cos  30*  -  u.w*  il;u«>. 
Kxumpii'  1 /rJ  a  citi  ml  the  trputiian*  far  (nsUuitotwatis  vnltagt  and  I'uwni  ure  errn  fix  v  - 
14 f.4  tilt  {tot  -  ~  J.        |p|^|  /  =  7.f>7  wr  |w  ~  ^  }•  ump,  where  tn  =  tutl/.\e, 

U)  Sketch  a  neat  {>>!,»■••  >t  dhmr.itn  for  the  cinuiL  (//)  Use  pttfar  thrttuitm  to  calttdaie  imfted 
unit  with  plutsc  unfile,  (ilf)  Calculate  a\  eragt  power  <£  fttwer  factor.  \iv)  Calculate  the  instantu 
.i  .  pn\u  >      ihr  r/rViiJif  t  =  I)  (F.Y.  Engg.  IHiMC  Univ.  Now.  IVSKi 

EMvtfttL  (/)  From  the  voltage  etuiution,  it  is  seen  that  the  voltage  lags  behind  the  reference 
quantity  by  2k/3  radian  or  2  x  1 80/3  ■  1 20°.  Similarly,  current  lags  behind  the  reference  quantity  by 
n/2  radian  or  1 80/2  -  90°.  Between  themselves,  voltage  lags  behind  the  current  by  ( 120  -  90)  =  30" 

as  shwon  in  Fig.  13.12  |f>). 

("')  V=  Vmt4l  =  141.4  Jl  =  100  V;  I  =  IJ^l^lQll^l  -  5  A. 

urn  z-i20D 


V=  100  Z  -  120*  and  /  =  5  Z  -  90a  .-.  Z  - 


=  20Z-30a 


5Z-900 

{lit]  Average  power  =  V/cos  $  =  100  x  5  x  cos  30"  -  433  W 

thr)  AW  =  0  .  v=  1414  siniO-  120")  =  -  122.45  V:f  =  7,07  sin  (0  -90")  7.07  A. 
.-.    instantaneous  power  ai  i  =tt  is  given  by  n  =  I-  122.45)  x  [-  7.07)  =  Kfi>.7  \\. 


141.4  V 


■ 

1 

Fig.  13.12 

I'A.unpk  13.3.  77ir  )>f>u  titiLiI  ilrftereuci  meaxuieti  acm.%*  a  coil  it  4  J  V.  alien  it  carrier «/  direct 
i  am nt  "t'V  ,\  flu  name  ioil  when  i.arrie.\  an  altenuitin^  current  <>f*j  A  jr  25  //:.  the  p-Uiistia! 
ihffciYitcc  is  24  T  find  iht  <  urrcm,  the  putter  mtd  the  fnn\rr  /actor  wfien  H  I*  suffiUrd  fc*  W  V,  W 
//:  mfptv.  tK.Y.  Pune  Univ.  Mnv  19X1?! 

Snluliim.  Let  /f  be  the  t/  i',  resistance  and  /.  be  the  inductance  of  the  coil 
ft  =  Vft  =  43/9  =  0311: 


480  tilectnrul  technology 

With  a.c.  current  of  25  Hi.  I  -  V/t  =  24/9  =  2  66  a 

*£  =  Jz1  -  R 2  =  ^2.662  -  0.52  =  2,62  n  Now  JT£ - 2'lE x  23  x  J. : 0.0167  a 

At  5tl  Hz 

-  2.62x2-  5.24 n ; Z  =  Jo.53  +  5.241  =  5.26 fl 
Current    /  =  50/5.26  pU*  |  Power  =  f  R  =  9.52  x  0.5  =  45  \N . 

Fvjiniplc  13-4.  in  a  /inrunilji-  ft-  L  wnr.v  j  in  nit  a  itdtoge  of  10  Vat  5t>  Hz  produces  o  current 
of  ffifl  nu\  wiide  the  vim*  vnttage  us  75  H:  produces  500  tnA.  What  ure  the  values  of  R  and  L  In  At 
circuit  P  .Vtwork  Vn.ihsK  V.M.I. I.  Sec.  II.  S  |W0i 

Sululi»n.(OZ=  yV+(2rtx50lr  =  Jj^ +98696  ZT;V  =  K  or  lO^TOOx  ICT3  Jf*2  +98696 L2} 
^J?3  +98696  £2>   ~  10V700  x  LO~3  =  100/7  or  fl3  +  98696  L2  =  J 0000/49  „.ff) 
(ii)  In  lie  second  case       Z  =  Jfl2  +  ( 2*  x  75i):  -  n/<JJ-  +  222066  L2) 
.\  10  =  500  x  tl)  3  ^Jr  + 222066 1!)  te.  ^(R1  +■  222066       =  20  or  R2  +  222066L2  =  400  f  ii) 
Suhslructing  Eq.  (0  from  fjffj,  we  gel 

222066  £.J  -  98696  L2  =  400  -  <  10000/49)  or  1 23370  L3  =  1 96  or  L  =  0.0398  W  =  40  mil. 
Substituting  this  value  of  L  in  Eq.  (if),  wc  get.  ft2  +  222066  (0.398)3  =  400  .-.  «  =  6.9  n. 

Example  13.5.  A  seruis  cm  ui  1  r^m.vh  u  rt'.v(.vjtf(ar  ty  fi  i'2  and  an  inductive  rcactuttcr  of  >V  11 
t  (ii<ii  u)nil  duicn  ni  t  0}  S4}.4  V  (r.Hi..i./  Eg  applied  in  11.  At  a  cerium  instant  the  applied  mliage  l\  + 
I ()(>  V.  and  is  increasuif;.  Cakuluie  tit  this  current.  \i>  The  nun  m  uii  ri<(  .  :i!tuRc  drop  arms*  the 
'f*tttnnn  unit  iim  \  nihivt  drop  m  r\>w  inductive  reactance.  iK.E.  Plimr  I  niv.  Mat  WK'Ji 

Rriafe*  Z  =  R=jX  =  6  +  j&=  10  Z  53.1* 

tl  shows  thai  current  lugs  behind  the  applied  voltage  by  53.  I*.  Let  V be  taken  as  the  reference 
quantity.  Then      (14l.4x^t  sin  (df  =  200  sin  fit  f;  i^lVJZun  (to/>-30*  =  20  sin  it£U -53.1*). 
0  )  When  the  voltage  is  +  100  Vand  increasing;  UK)  =  200  sin  iOt:  sin  Wf  =  0,5  :  ta  t  =  W 
At  this  instant,  die  current  is  given  by  /  =  20  sin  (30*  -  53  1°)  =  -  20 sin  23. 1"  =  -  7.847  A. 
(fi)  drop  across  resistor  =  iR  =  -  7.847  x  ft  =  -47  V. 

Uii)  1*1  us  first  find  the  equation  of  die  voltage  drop  VL  across  the  indcutivc  reactance.  Maiti- 
inum  value  of  [he  voltage  drop  =  =  20  x  8  =  160  V  |i  leads  ihc  currL-nl  by  90".  Since  currcnl 
iLsell  lags  die  applied,  voltage  by  53.1",  the  reaclive  voltage  drop  across  the  applied  voltage  by  (90° 
-  53.  Tl  =  36.9".  Hence,  the  equation  of  this  voliage  drop  at  the  instant  when  to ;  =  30c  is 

VL  =  IftO  sin  (30"  +  36.9° l  =  160  sin  66.9"  =  N7.2  V. 

Luunpkr  t3,6.  A  W  H:  sinnwiditl  '■••tia^t  v  -  (41  liu  to  1  i\  applied  to  a  Ntfftt  ft  L  cinitil  I  In 
vatacx  of  she  rrosiina  f  and  ihr  itidut  hnn  r  are  3  O  ami  (i.itHX)  H  respettivery, 

tfl  Compute  the  r.m.s.  value  of  the  lurnrm  tn  tin  i  trcutt  and  ils  piut.\t  aitnle  with  reipvtt  la  the 
\ottaj;e. 

\ut  ttmtc  r/if  rxpresman  for  the  instantaneous  current  in  the  circuit. 

1 111 1  Compute  the  r.m  i  uiliir  ami  the  phase  of  the  voltages  lutpearmg  across  the  resistance  and 
the  inductance. 

t  (»'  (  Find  the  aveniRc  power  dt \stp\»cd  In  the  on  1111 

(vi  Calculate  the  p  f  of  the  cirrvit.  ( K.K.  I*unc  linlv.  \ov.  I4N4| 

Solution.  Vm=  141  Vi  V=  \4)/J2  =  I0OV     A    V'=  100  +  /) 

XL  =  2  tc  x  60  x  0.0106  ^4  O.  Z=3+Ji4  =  5Z  53.1° 
lit  /  =  V/Z  =  100  Z  0V5Z  53  r  =  20  Z  -  53.1" 
Since  angle  is  minus,  the  current  lags  behind  the  voltage  by  53.1 
(it)  Im  -  sfl  x  20  =  28.28;    .•.    j  -  28.28  sin  (0  J  -  53. 1  *) 

w  =  iR  =  :o  .-■  -M.r  -  ^  =  w)  /   53  !■■  u»ii 

Vl=jlXL^  \  Z90*x20Z-53.rx4-i80Z36.9" 


Series  ■l.f.  Circuits  4«l 

(jv)  F=  V/ cos 0=  LOQx20x cos 53  T  =  I2IMJW, 
(v)  p.f.  -  cos  *  =  cos  53 J "  -  11,6, 

Kxumple  13.7.  fa  u  jj/voti    /  circuit,  R  ■      (t<rr»/  t  =  t>  I  ii  Fnuiui  the  riwrjf  NivVNfA  'fa 
drrfa;  imJUii  (n>»  it  faiVrir  i/o  W.//;  ^//u^e1  V  -        Z  ,W  |j  uppiied  arrow  the  circuit 
tinlutfan.  TTie  vector  diagram  is  shown  in  Fig.  13,13. 


230^30° 


2k/L  =  2**50x01  =3J.42Q 


1  +  X*)*^3.5I=  31.42s  =31.6  0 
,-.  Z  =  31,6  Z  tan"1  (3 1.42/3.5)  -  31.6  Z  83,65* 


—X  (ft  1  ^  ^ 


220  Z.  30" 


Z  31.6^83.65° 


=  6.96^-53.65° 


f  if)  Phase  angle  between  voltage  and  current  is 

-  53.65°  +  30*  =  83  65°  with  current  lagging, 
p.f.  =  cos  83,65"=  0.1 1  (lag l. 

E.\iuiiple  I3,X.  fa iilienttjting  circuit,  the  Itnpreiita  volt- 
tigt  i,\  fa'  T  =  [l<Xl-j5tl)  volts  mil!  ihe  urrrcr.i  u\  tin 

fin  uh  ii  /  n  »J  -       I    Heienitinr  the  real  and  reactive  poivrr  in  the  circuit 

(Electrical  Kngg.,  Cidcultu  Iniv.  1991 1 
Si  i  In  him,  Power  will  be  found  by  ihe  conjugate  method.  Using  current  conjugate,  we  have 

PVA  =  (JO0-/50)(3  +  j4>  =  3O0+j4OO  -j  150  +  200  =  500  +  j  250 
Hence,  real  power  is  5tX>  W  and  reactive  power  of  VAR  is  150.  Since  the  second  term  in  the 
above  expression  is  positive,  the  reactive  volt-amperes  of  250  are  inductive.* 

tltumpl?  13.9.  tu  (he  circuit  of  Fig.  14.14.  applied  voitage  V  h  given  br  tO  +  f!0)  and  the 
i  iirccn:  n  1 1 J.,1-  -  ,  tl.'ii  A.   Determine  the  vulues  of  H  uihl  X  ttrtti  ut\o  indicute  if  \  is  unlitclive  or 


R 


V 

V\%.  13.14 


cttfHlcitivt,  (Kim.  TecltnDlugv,  Nugpur  I'tiiv.  1991 1 

Solution.  V  =  0  +  j  10  -  ^90°;  I  =  0.8  +  Jt}.6~  1  Z3G,9" 

As  seen.  V  leads  the  reference  quantity  by  90p  whereas  /  leads 
by  36.9".  In  other  words ,  /  lags  behind  the  applied  voltage  by  (90° 
-  36.9s)  53.1° 

Hence,  trie  circuit  of  Fig.  13,14  is  an  fi-L  circuit. 

Now.  Z  s  V71  =  10  Z907!  Z36.9°  =  10  Z53.1"  =  6  +  /8 
Hence,  /f  =  6t3  and  A;  =  8fl. 

Rxjtmplt'  13.10.  A  iw-el'-ment '  srrre.i  circuit  is  umnvvied 
l*gmtma.t.  utitrti  <  =  ZMhJl       KM  +  2t>r-tV   Ihe  current  fa  far  rin  nil  i/wn  is  found  r»fa- 1  = 
W-        1314  i  -  25"}  A.  Determine  the  fturumcu-r.i  nf  the  cirruu,  ' 

iFlevtmmei.haiik  \lluhuh»d  I  niv.  1W]i 

Sfaution.  The  current  can  be  written  as  i=  10^2  sjn  (314/ -25°  +  90°)  =  t&$.  sin  (314 1  +  65°), 
It  is  seen  that  applied  voltage  leads  by  20°  and  current  Leads  by  65°  with  regards  Lc^  die  relerentc  quan- 

dry,  their  mutual  phase  difference  Li  =  65°  -  {2SF)  =  45°.  Hence,  p.f.  =  cos  45°  =  NK  2  (lead). 
Now,  Vm=  20(}J2  and  /„,=10>/2     .-.    Z=  VJlm=  21  Wz7l 0>/2  =  20 il 
/?  =  Z cos  $  =  20/V2A  =  14.1  a;X<  =Zsin  4>=  20/sfl  =  141  IJ 
Now,  /  =  314/2je  =  5t>  H?_  Also.  Xf  =  1/2^,/^       C  =  J/2lt  X  50  X  14. 1  =  226  ]iF 
Hence,  tne  given  circuit  is  an  /f-C  circuit. 


K  fdtaqrc  cmiunaiB  h  used.  Own  MfpteMw  VAfc  art  pi»ttivf  und  inductive  VAR.*  ncpttive.  |i  cirrrem 
ccmjugtilf  is  o^'d,  then  cppaaiive  VAUs  j/l  iil'jjjim-  and  imhuiiso  VAK>  .uv  |)n-,ihw 
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Example  13.11.  Tnimforot  the  folltwing  current  in  rhc  rinn  J<imtiin    o'Hi   ,/SOV)  -6  +  /S 

S«ilulio».  (i)  Now,  (6  -  y8>  when  expressed  in  the  polar  form  is  ^62  +  &2  Z-  (an-1  8/6  =  10 
Z-  53,  r.  The  lime  domain  representation  ol  this  current  is  j '  U)  =•  10  sin  (to  r  -  53. 1°} 

Oil  -6+y8  =        +  8:  Z  tan"'  &/-  6  -  10  Z  126.9D 
.-.    i  (rj  =  10  sin  {ta  t  +  1 26.9*) 
(fti)  -J  5  =  10  Z  -  90°  .-.  i  (r)  =  10  sin  (to/  -  90°} 

Example  13.12.  4  choke  coil  takes  a  current  of  2  A  tagging  60"  behind  the  applied  voltage  of 
200  V  til  50  Hz  Calculuic  the  inductance,  resistance  and  impedance  of  the  cm!.  Also,  determine 
she  power  consumed  when  it  t\  connected  across  tttit  V.  25  Hz  supply. 

tF.kti.  Fukr.  &  Electronics,  Bungulore  Univ.  19891 

SuLuimn.  |  f)  Zmjf  -  200/2  =  1 00  Q  :  R  =  Z  cox  $  =-  1D0  cos  6Qfl  =  50  £1 

=  Zsin  *  =  100  sin  fiO"  =  86.6  SI     =  2  Xfl.  =  86.6  a  JL  =  86.6/2JI  x  50  =0.275  H 

(ii)  Now,  the  coil  will  have  different  impedance  because  the  supply  frequency  is  different  but 
its  resistance  would  remain  the  same  i.e.  5(J  Q.  Since  the  frequency  has  been  halved,  the  inductive 
reactance  of  the  cctil  is  also  halved  i.e.  it  becomes  K6.6/2  =  43.3  £1 

Z(M  -  Jsu2  +43.31  =66.1  Q 

I  =  1 00/66-  1  =  1 ,5  A,  p.f-  cos  0  -  511/66.1  =  0.75 
Power  Lunsitmed  by  the  coil  =  W  cos  0  =  100  x  1.5  x  0.75  =  1  12.5  W 

Example  13.13.  An  inductive  circuit  draws  ft)  A  and  I  kW  from  a  200-V.  50  Hz  (i.e.  supply. 
Dttrermmr  : 

ft)  flic  impedance  in  cartesian  jrnm  \n  +  jlr)  (HI  the  impedance  in  polar  from  Z  X.  0  luu  tin- 
power  factor  fivj  the  reactive  poivcr  fv)  the  apparent  power. 

Muuiinn,  Z  =  200/1 0  =  20  £l:P  =  r3/?  or  1000  =  iQ2  xRiR  =  I0nXL=  fa1  -  JO2  =  17  32X1. 

lO Z  =  lO+yH.32 (i7)  IZI  =  yjtU?  +  \7.3l2)  -20  £2 ;  tan  0  =  17.32/10=  1.732; <t  =  lan"' (1.732) 

=  60°  ,:  7.  =  Hi  Z  GIT.  (Hi)  pi",  cos  0  =  cos  60°  =  (1.5  Jag  Uv)  reactive  power  ■  VI  sin  $ 
=  200  x  10  x  0.866  =  1732  YAR  ( apparent  power  =  VI  m  200  x  10  =  21  Hill  VA. 

1-_\;iiii|i1l-  13.14.  When  a  voltage  of  100  V  at  50  H:.  is  applied  to  a  chuUin:  i  oil  A.  the  current 
taken  is  RA  and  the  powrh  120  IV  When  applied  to  n  coil  H,  the  cuwiu  is  JO  A  and  the  power  is 
500  W,  Wan  current  and ptxtttt  will  be  taken  when  J00  V  is  applied  m  the  two  colli,  connected  in 
series  ?  I  Elements  or  Fleet.  Kngg.,  Bangalore  Univ.  1985  > 

Saluiion.  Zv  =  iOO/S  =  12 5  £1 ;  P  =  T2 .  R,  or  120  =  H2  x  R{  ;  Ri  =  15/8  fi 

-  ijz2  -  R2  =  \jl2,52  -  fl5/8>2  =12.36  Q 
=  100/10  =  10 11  l  500  =  lO^x R2    or    ft,  =  5 

■Vj  =  JlCT  -  51  =8.66  n 

With  Juhied  in  Series 

/?  =      +     =  <  1 5/8)  +  5  =  55/y  fl;  X  =  12.36  +  8.66  =  21.02  O 

2  =  +(2I.02)3  =  22.1  a  ' »  I0(V22.1  =  4.52  A,  P  =      =  4.523  X 55/8  =  14(1  W 

Fxample  13.15.  -1  i'^jV  mit.i  a  current  of  6  \  when  <;mn,Ttcd  to  u  24-V d  <   suppU    To  obnnn 
the  \anic  current  with  ti  50-HztLr.  mpply.  the  voltage  required  wai.  V'. 
Cali-ulnle  (i\  th*  inductance  of  five  vail  \ii)  dm  paivrr  factor  of  the  coll. 

(F.Y.  Engg.  Pime  Univ.  1989 k 

Solutinn.  li  should  he  kept  in  mind  the  coil  offers  only  resistance  to  direct  voltage  whereas  ii 
Offers  impedance  to  an  alternating  voltage. 


\ifie-,   1.(  (inuitS 
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(0 


R  ~  Z  =^0/6  =  5  R 

^Z1  -  JT1  -  ^53  -  43  3  Q  {/if)  pf.  =  cos  <f>  =  fc£  =  4/5  =  l),Ji (  lac.) 


F\iirnplf  I.*. Id.  \  resistant  <■  r>l  20  nam,  indmintu  c  of  0.2  H  and  captu  tttrnft  nj  HO  ftF  are 
Cinuif<if(j  m  sears  and  art-  fed  h\  n  2J(t  I',  so  Hz  wpply.  Find  Xt.  Xr,  X.  K  /»/.  active  ptvnvr  and 
run  live  fxmer 

Solution.  X 


iH«t  St-irncr-l.  Vlluluibiid  I  im. 
2  k/L  =  2*  x  50  x  0.2  =  62.BA  ■  JCC  =  lf2rc jC 
-        2  11  *  50 x  l50  =  2lJ2fl  L  X  =  {#t  -  Xc)  =  41 .6  Q ; 
Z  =  ^tf+X1  =  ^202  +         -     *2  n ;  /  -  WZ  -  230/462  -  4.98  .4 

Also,  Z  =  J?  +  jX  -  20  +  j  4!  .6  =  46.2  Z  64.3*  ohm 

f  =  l/Z  =  1/46,2  Z  64.3*  =0.0216  Z  -  64.3*  Siemens 

pj.  =  cos  64 J"  =  0.4536  i  hg  ] 

Active  power  =  VI  cos  «  =  230  x  4.98  x  0.4336  «  497  W 

Reactive  power  =  VI  sin  $  -  230  X  4.98  x  sin  64.3"  =  1031  VAR 

Euunptt.- 13.17.  A  M'-IV  lo'W  •■■     i  <■  ,>i'r-rtilt'ti on  22<~>-\    Z<J-H:  sttpph  >tnnn*   Call  it- 

lutt  what  kiIui  t>l  Uil  itun-indttclivr  rrsisUmtr  ihi  purr  huluctiuur  \uiuld  hr  nauirrd  in  ordei  duit 
lump  i\  tun  on  correct  vtdia\*e.  Which  titeihod  is  prt-frmblc  mid  u  in  ? 

Soluiiun.  Rated  current  of  the  buib  =  60/120  =  0.5  A 


611 W 


R 


-120  V— 


0.5A 


-0- 

120  \ 

(a) 


@60W 
i  


-120  V- 


220  V 


Fig.  13.15 


{cORcsktor  has  been  shown  con- 
nected In  scries  with  the  lamp  in 
Fig.  13.15(0). 

P.D.  across  R  is  V„  =  220-1 20 
-  I0Q  V 

|l  is  in  phase  with  thu  applied 
voltage.  .-.  R  =  100/0.5  =  200  li 
(b)  P£>.  across  bulb  =  1 20  V 
P.D.  across  L  is 

V,  =  ^220-  -I20-S  =  184.4  V 


(Remember  thai  VL  is  in  quadrature  with  VR  -the  voltage  across  the  bulb). 

Now,  Vt~Q3xX,  or  1 84,4  =  0.5  x  i.  x  2rt  x  50    .\    L=  184.4/03  x  3. 14=  1. 17  II 

Method  (is)  is  preferable  to  iai  because  in  method  (in,  there  is  no  loss  of  power.  Ohmic  resis- 
tance of  200  il  itself  dissipates  large  power  {i.e.  100  X  0.5  =  50  W* 

F\amplc  13.18.  A  tton-imltit  in  t  rt-\i*tnr  ttikr\  S  A  at  /W  1'  f  aicuiatc  ih,  tmhunina'  oi  u 
ihukf  i  nil  nf  mylifidili  rtwiviutiir  to  hv  •  ••iwfttt'il  tv  wrist  in  nrdcr  that  this  hud  nutv  Iv  itiffheil 
from  220-W  50-Hz  »mim.  IPtaf  luV/iu  ih,  ph,i*<  uuvL  /.■■•;» eru  tin  *npd\  toltunr  wulturrtni  ' 

iKleim  nts  «f  Kleit.  hngg.-l.  Him^Lil-Ti  I  rtU.  l**!Ti 

Sultltiuli.  U  is  a  case  of  pure  icsLslancc  in  scrio  with  pure  inductance  as  shown  in  f  ig.  13.16  in). 

Here  VK  =   100V,  K  xL 

VL  =^220J  -J001)"  196  V 


— \— r- 


3220  V,  50Hi  Q- 
jilt 


Now.  V, 

or     196  =   8xiitx50x/.  =  tUl7»  H 

Kvample  13,19.    t  i  r*n-,  nf  of  i  A  lAm-j  | 
through  a  nnit-tmiut  tw  trufianrf  it)  tent* 
ii'ilh  a  •  ItoUnii  i.  >>il  u  /j(  jj  wpplii  J  l>!  r^'j-l . 

//  /'ii'  wj(ftj.t!<*  fffliw  /^i*'  raisliim  r  m 
/Z5  V  tun/  acnm  the  full  2<Xl  V.  calmlatr 

till  tmpedanft  rwiiince  and  rexis- 
timkt  nf  tltr  rt*d  ihi  thr  {timer  absorbed  in  the  cot!  and  iff  the  total  /Hmtr.  Dm*  the  vet  lot 
dujxrain  [Elect.  Eii££U,  Mudrai  L'ni*.  1988/ 


R);.  13.16 


AHA 
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.Solution.  As  seen  from  the  vector  diagram  of  Fig.  13.17  (ft). 

20CT    ...(/)   {125  +  BC)1  +  CD2  =  2502 


BC2  +  CVr 


Substracting  Eq.  (i)  from  (Ui  we  get,  (125  t  BO2  -  BC1  =  2502-  2D01 


25  n 
l — wv- 


—Wr — 'TO1  j 

*H25  V— "4*  200  V  


-250V.  50Hz 


A        [25  V 
Fig.  1 3. 17 

BC  -  27.5  V;  C£>  = 
(i)  Coil  impedance  a  200/5  =  40  fl 


27.5*  =198.1  V 


vK  =  jr  =  bc 


Also 


VL  ~  I .  XL  =  CD  -  198. 1 


or   5  ft  =  27.5    .-.    P  =  27,5/5  =  5.5 
^=198.1/5*39.62  1} 


or  =  ^402  -5J*  =  30.62  £1 

t«>  Power  absorbed  by  the  coil  is  =  f2  ft  =  52  x  5.5  =  137.5  W 
Also  P  =  200  x  5  x  27.5/200  -  137,5  W 

(HQ  Total  power       =  V7  cos  *  =  250  x  5  x  ACM/?  =  250  X  5  x  1 52.5/250  -  7623  W 
The  power  may  a!su  be  calculated  by  using  S"  R  f annul  a. 
Series  resistance        =  1 25/5  =  25  Q 
Total  circuit  resistance  =  25  +  5.5  =  30. 512 
.  .    Total  power  =5  2x  30.5  =  7623  W 

Fxiimplr  13.20.  7'uv  i  nit.s  A  and  B  arc  connected  tn  scries  across  a  24<)'  Y.  50> H;  utppl)  77' e 
resistance  of  A  is  5  U  unit  the  inductance  uf  H  is  (1.015  !i  If  the  input  from  the  supply  i.v  J  kW  and  2 
kVAJt,  find  ilic  inductance  <>/A  and  the  resistance  of  H.  Calculate  the  wltuxe  across  each  coti 

I  Elect,  Technology  Hyderabad  Univ.  I99t> 

Solution.  The  kVA  triangle  is  shown  in  Fig.  13.18  (b)  and  the  circuit  in  Fig.  13.18(d).  The 
circuit  WA  is  given  by,  ttVA  -  ^(32  +■  2~)  ~  3.606  or  VA  —  3.606  voltmeiers 


3k  W 


l  WW 

511 


JTT0>  , 

Q015H 


240V;50Hz 


2kVAR 


Fig.  13.1S 

Circuit  correal  =  3.606/240  =  1 5  03  A         I5  031  (RA  *  Rs)  =  3.000 
A    ftA  +  BB~  3,000/1 5.03!    13.3  fl    .-.        =  13.3  -  5  =  &3  Q 
Now.  impedance  of  the  whole  circuit  is  given  by  Z=  240/15,03  =  15,97  £2 

XA  +  X„  =  J(Z2 -(RA±  R^1  =  ^1 5.97 2  - 13. 31  =  8.8412 


Sfriei  4X.  Circuili 
Now 
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XB  =  2rt  x  50  x  0.0L5  =  4.713  £1 


^  =  8.843  -4.713  =  4.13  i"2 


or       In  x  50  x  LA  =  4.13    A    Z.A  =  O.0132  H  mpprwo 
Now  2A  =  ^  +  X ;  =      +  4. 1 3J  =  6.585 

P.D.  across  coU     /t  =  / .  ZA  =  1 5  03  x  6.485  =  97.5  V ;  Z„  =  ^8.3"  +  4.713"  =  9.545  Q 
»*♦    p.d.  across  coil  9  =  / .  ZB  =  i  5.03  x  9.545  =  143.5  V 

Example  13.21.  An  i  ,m.f.  ta  =■  141.4  un  [Ml  t  +  to  imprnsetl  on  ihr  tmpetttmse  tort 
hm  ini;  a  reustanve  of  4 11  <W  o/i  mdm  tnr  reaclaitcr  of  1.25  D.  m*u.\urrti  <jj  2.5  W:.  Vtffa/  to  rftf 
•  mutu'ti  "!  til*-  rnireni  "  Ski  li  h  it:?  wares  for  i.  tK  r,  ami  < „ 

Solution.  "Die  frequency  of  the 
applied  voltage  is  f  =  Ml /2k  = 
60  Hz 

Since  coil  reactance  is  1  .25  O  at 
25  Hz.  its  value  at  60  Hz  =  1 .25 
X  60/25  =  3  ft 

Coil  impedance,  Z  = 

=  36"52' 

it  means  thai  annul  current  lags 
behind  the  applied  voltage  by 
36*52'    Hence,  equation  of  the 
Fig.  1 3, 1 '}  L-i  reuit  current  is 

i=  (141.4/5)  sin  (377  l  +  30°  -  36°52'1  -  28.3  sin  (377  r  -  6*5r) 

Since,  resistance  drup  is  in  pha.sc  with  current,  its  equation  is  es  -  iR  =  1 13.2  sin  (377  r  -  6"52'l 
The  inductive  voltage  drop  leads  tfie  current  by  90°,  hence  its  equation  is 

<rt  =  iX,  =  3  x  28.3  sin  (377  /  -  6°52'  +  90°)  =  54.9  sin  (377  i  *  83°8') 
The  waves  for  i  e s .  *L  and  *r0  have  been  drawn  in  Fig.  13.19. 

Example  13.22.  A  smulf  phnu:  7.46  kW  mvivt  is  supplied from  a  400-V.  50- Hz  a.c.  twin*  If 
ito  effiiirih-}  i\  A'5',r  mul  ponrr  fat' tor  0.S  Um^iuii  nitcututr  ttil  the  IVA  input  (h)  the  ri'ucthr 
t mirponeni\  of  input  rurrrnt  miJ  U  i  kVAK. 


Solution.  F-fficiency  = 
VI  = 


0.85  = 


7.46x1000  7.460 


VI  +  cos  $     V/  x  0.8 
i 

=s  10.970  vdllampcrcs 


outptti  m  w  alts 
input  in  watts 

7460 
0.85x0.8 

{a)  .:  Input  -  10.970/1000  <=  I0.V7  kV  A 

\h\     Input  current  /  =  -    — —  =  —  =  27.43  A 

*  volts  400 

Active  component  of  ciutcnt  =  /  cos  q>  a  27.-I3  x  D.8  =  2 1 .94  A 

Reacuve  component  of  current  =  /  sin  <>  =  27.43  x  0.6  =  16.46  A  (  v  sin  *  =  0-6} 

(Reactive  component  =  ^27.43 1  -  2L942  ^  16.46  A) 

(c)  ItVAR  =  kVA  sin  «  -  10.97  X  0.6  «  hSH  (or  ItVAR  =  17  sin  «  x  10"3  =  400  x  16.46  X  I 

=  6.58) 

Kxumplt'  13.23.  Dian  tin-  pnasttr  diagram  for  cm  li  »j  i/ir  fofh/wing  l  omhrnatwns 
(I)    d  n-fJ  L  ol  At'W.j  at\tl  .  <>»<hiihit<'»i  in  :\in;ilct  irilli  ( 
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til)  K.  I.  wmk  C  in  srncx  with  Xt.  >  XL  when  ac  voltage  .wunr  ft  *****      '<•  " 

[TSiigpur  University— Summer  2<HH)| 

^ululiuri.  in 


i  WW — >- 


,  v- 


*>V  (ReH 

*=t3n"'  XLR 
£  =  Pfia.se  Jingle  of  I 


Fi«.  I3.2H  ia)  Cinruil 


Fig.  13.20  I  fit  Plia-sor  diagram 


t 


R  XL 

: — vww — masHf1- 


xr>xt 


Fig.  13.20  (e)  Circuit 


OA  =  IR,  AB  =  IXt 

AC=](Xc-Xt) 
BC  =  IX, 

f  =  tan  (XC-XL|^R 
Fifc  .  1 3,2(1  (d)  Phase*  diagram 


Fxample  13.24.  4  w/Wtft  i  C r J  ^  W/  4  tin  UN  t  +  /(3°|  ».i  «;v^W  «j  u  ^  tip  H$0f 

turrent  xiven  =  '^/J  *f>  ['H'-  20' J  is  found  to  Jim'  through  it 

Determine 

iri  Pit <r>i.  •>] '  the  circuit  (Hi    The  pnwr  delivered  in  l/ir  t'ltt  uit 


l  u/  l  TJraii  the  pluisor  diagram 
Mitt  v  (f)  =  141,4  sin  (314  f  +  10°) 
This  expression  indicates  a  sinusoidally  varying  al- 
ternating voltage  at  a  frequency 
id  =  314  rad/sec,/=  50  Hz 
V=RMS  voltage  (Peak  voltage)/  <Jl  =  100  volts 
The  expression  Tot  the  current  gives  the  following 
data  : 

/  -  RMS  value  =  14. 14^/2  - 10  amp 
frequency  --  50  Hz,  naturally, 
Phase  skifl  between  /  and  V=  30°.  /  lags  behind  V. 
(j)  Power  factor  of  the  circuit  -  cos  30°  =  0,866  lag 
(ft)  P  =  VI  cos  §  =  100  x  10  x  0,866  =  K66  watts 
{Hi}  Phasor  diagram  as  drawn  be  tow,  in  Fig.  13-21  (a). 
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Fik-  13.21  Ui>  Phiisur  diagram 
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Ui>  H.  L  ond  C  Mi  scrwi  u'ji/i  Xr  >  \'t  when  ac  vititaitr  xouree  ig  cimnm  ted  to  it. 
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Si ilu  I  tun.  (0 


R 


i  I  - 

X,  ': 
■  V  


V<Refl 

4  =  urn"'  XkR 
4  =  Phase  angle  of  J 


Fig.  13-tl  tii)  Circuit 


Fij-.  13 JO  (hi  Plmwir  iliapffi 


OA  FH.AB=L\[ 
f=lan  (X,-XL)/R 


Fiji.  13.20  (r>  Circuit  Fiy  .  13.20  Ul\  Phn^M  digram 

F*ample  13.24.  4  wftagr  v  (ti  =  Hi. 4  sin  \3!4  t  *  fO">  is  applied  w  ti  i  ircuit  and  the  Wttodjt 
current  Riven  b\  ifi)  =  ,\in  f:f/-f  r  —  2(Y'\  is  found  to  /?om  through  it. 

Determine 

rn  Thf  p.t  of  the  circuit  till     The  power  delivered  to  the  circuit 

uii\  Dmw  thr  pha.u>r  dioi;rrun  |Na(;pur  Diilvereil)  Suhiiikt  20XMI | 

SMuliiui.  rff)=  141 .4  sin  (314 1  +  10*) 
This  expression  indicates  a  sinusoidally  varying  al- 
lemating  voltage  al  a  frequency 
to  =  314  nd/sce  J=  SO  Hi 


V  =  RMS  vaJiage  (Peak  voliagci/72  =  100  volts 
The  expression  for  ihe  current  give*,  ihe  iol lowing 

■Jut;  i 

/  =  RMS  value  s  14  14/^2  =  10  amp 

frequency  =  50  Hz,  naturally. 

PhiLse  shift  between  /  and  V  -  30°.  /  laes  behind  V. 


Hi  Power  factor  of  the  circuit  =  cos  30'  =  0.866  lag       Rg.  13  21  mi  PhuMir  diagram 
(j/I  P  =  VI  cos  $  =  100  x  10  x  0.866  s  866  watLs 
IftT I  Phasor  diagram  as  drawn  below,  in  Fig.  1321  f<j). 
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Example  13.25.  A  foil  of  0  $  p  j  n  «  ■<»  met  '?<■</  jh  v«'niM  >nrfft  !  Hi  micro-farad  eapcuitnr  Supply 
Irt'tftiviii  v  i'.v  JO  /fc  77ir  potential  difference  avrnsjt  she  eoil  i\  found  to  be  equal  To  Thai  ai  loss  the 
i'Uftai  isrti  Culcuiaie  dte  resisttjme  and  the  ituiw  lance  uf ilk  o4(   Cal>  tdatc  the  net  power  foiiot 

INagpur  Luiversi!).  Nuvtriuhtr  IW7| 

Solution.  Xr=  1/(3,14  x  O  =  28.952  ohms 

,\    Cot  I  I  mpedance,  Z  =  28.952  Q 

Coil  resistance  =  28.952  x  0.8  =  23.162  0 

Coil  reactance  —  17.37  ohms 

Coil-inductance  =  17,37/314  =  55.32  milli'hcnry>> 

Total  impedance.  Zj  n  23.16  +  /  17.37  -  J  28.952  =  23  162 -/  H. 582  =  25.9  ohms 
Ncl  powerdacior  -  23.162/25.9  =  0-8943  leading 

Examplr  13.26.   Fit  iV  an  nit  dw^n  jrj  Ftir      2  J  H  l  fuid  the  values  a]  ft  aiuf  C  so  ihni  Vh 
-  i and  Vh  and  V  t  are  at  ptmse  quadrMurr   Fi  ftd  aha  the  phase  relarii mships  between  \  \  and  \ 
and  Vf  and  i.  |Hajiv  Gandhi  Technical  Universil),  Bhopal.  Summer  24HM  | 
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V  =  24(1  V.  SO  H* 


Fig.  13.21  <At  Fig .  13.21  (O 

Solution.     Z  COA  =  0  =  53. 1 3° 

4  BOE  =  90*  -  53  1 3"  =  36.87s 
Z  OOA  **  3*1.7*  Angle  between  V  sad  I 
Angle  between  V,  ami  Vh=  18.43" 

Jtj,  -  3 14x0.0255  =  8  ohms 
Zh  =  6  +  ,/  K  =  10  Z  53.13"  ohms 
=  10  /  =  3  ^.  and  hence  V,  =  3-33  / 
In  phasor  diagram,  1  has  been  taken  as  reference.  Vb  is  in  first  quadrant.  Hence  V,  must  be  in  the 
fourth  quadrant,  since  Za  consists  of  ft  and  Xr  Angle  between  Va  and  /  is  then  36.87'  Since  Zr  an  J 
Zb  are  in  series.  V  is  represented  by  the  phasor  OD  which  is  ai  angle  of  34.7s. 

I  VI  =  Jlfi  Va  =10.53/ 
Thus,  the  circuit  has  a  tola!  effective  imped  an  uc  ol  10.53  ohms. 
In  the  phasor  diagram,  OA  -  b  I ,  AC  =  8  A  OC  -  I0/  =  V(|  =  3  Vm 
Hence.  V,  =  OE=3.33/. 

Since  BOE  =  36.87°.  OB-RJ  =  OEx  cos  36.87°  =  3.33  x  0.8  x  /  =  2.66  I 

Hence,  ft  =  2.66 

Ami  BE  =  OE  sin  36.87*1  =  333x0.6  x/  =  2/ 


48R 


tdccihcal  Tecftnutogy 


Hu,,v  Xf  -  2  ohms.  For  Jfr  =  2  ohms,  C  =  l/<3 14  x  2)  =  1 592  nF 

Horizontal  component  of  OD  -  OB  +  OA  -  8  66  / 
Vertical  component  of  OD  =  AC  -BE-6t 

OD  ~  10.54/=  V, 
Hence,  the  total  impedance  =  10.54  ohms  -  S.66  +  >  6  ohms 
Angle  between  V,  and  J  =  Z  DQA  =  Uui" 1  (67K66)  =  34.7" 

K\iitiiplt-  13.27.  1  .  <'),'  m  .  twuurted  at  uvirt  h-Wi  e  /'•'«•  t'tifmritor.  Thr  <  tmibutariott  i\  f'nl 
from  a  /«  I  i«/>/>/t  ii/  lO.tXHt  Hz.  it  »ai  "Nfi  ' ./  rrwr  1/rr  mi!<r»rfriF> ■  urnx/  ,if  4m/'  f!W*  i«  f/»r 
t  in  in'  nltrn  //tf  tafftn-ttttf  ii  of  value  I  mtt  mfurad.  Find  the  /xmunifm  fff  jnJ  Z,i  of  iht  t  uiL 

INaRpur  Inhrnrin  Vpril  im| 

SnJiitiuji.  This  is  the  situation  of  resonance  m  AX.  Series  circaiu  for  which  XL  -  XL 

Z  a     =  V/7  =  10/2  =  5  ohms 
Jf  to^  is  the  angular  frequency,  at  resonance,  L  and  Care  related  by  ca^,2  =  l/(LCIT 
which  gives         L  =  !/(<%*£)  -2,5x  10~*  H  =  0.25  mH 

Fvumple  13.28.   hvf  mi;>rtiuth  i'\  ifwiii.tr  of  frrsintame  of  (5  ohms  and  *t-rir\-rt#irM  ttd  in- 
durttuict  of        Hi  and  (nrsixram  e  of  10  ohm?,,  aiduitunt?  of  (>  f  II  and  a  tapariuuwt  of  HMi  fit- 
idi  tn  trneji  an-  *\mnictd  in  tenet  and  arc  fmmwrtfd  u>  a  2{<>  I    v>  H:  .i  t    (inifiv    Find  Hi 
("urri  w  Am»  'i  .'ii  •  V'tltaxr  urnisx  eavh  tmpetkmrr.  tint  individual  and  IW<W  ]H>t\vt  fwltir  Druu 
dsr  pluiMtr  diagram.  ["Sujzpui  L  niversil).  \m.  IWhJ 

Solution.  Let  suffix  1  be  used  for  first  impedance,  and  2  for  the  second  one,  At  50  Hz, 
Z,   m  15  +  j  (314  x  0  04)  =  1 5  +  j  12-56  ohms 

Z,  -  tI)?  +  i2.S67  =  19.56 ohms. 

Impedance-angle.  0,  -  cos"1  05/19.56)  =  +  40", 

Zj  =  IO  +  >(314x0.l)-v  H/l314x  lOOx  16^)} 

*  10  +  j  31.4     31.85  a  10  -  jf  0.45 

=  10.01  ohms.  Impedance  angle.  02=  -  2,56". 

Total  tmpedancq.  Z  =  Z,  =  Z,  =  15  +  j  12-56  +  10— j  0.85 

=  25  +  j  12.1 1  =  27.78 
For  this.  Phase-angle  of  +  25.85",  the  power- factor  of  the  total  impedance 

=  cos  25.85"  =0.90.  Lag. 
Current  drawn  -  230V27.78  -  8.28  Amp.  at  090  lagging  p.f. 

V,  =  8  2%  x  19.56  m  |62  Volts 
V,  =        *  10,01  ^  S2.9  Volts 
Inilivictuiil  PnwiT-fiuior 

cos  0,  «  cos  40°  =  0,766  Lagging 

cm  B,  -  cos  2.56°  =  IJ.**W  leading  ' 

hi  case  oi  a  sencs  ciicuti.  it  is  easiei  to  treat  the  eui«?ni  as  y  ufami  Thc 
phasor  diagram  is  drawn  as  in  Rg.  13.22, 


Fiu.  13.22 


SVne»  4.C  Cinutt* 
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(  s.tmpli  I.V?l>  Rt>\i\inr\=  Ki  tfutitttttl  1 1.  Li.  tiiid  n  t  h/hhiIi'i  ul «/•  nrr  amitrt  lttd  in 
ienrv  Whtn  utpphrU  tntnt  tin  A  C  mun  r.  in  tukt\  0.4  A.  If  the  vuttuge  ur iii.lt  tfte  rcxismr  u  2L>  V, 
rt'//jij?r  Ml  r»n.i  iht  rrxijttur  utul  t  lutkt-  n  45  wi/f*.  wltti^e  at  rm>  f/ir  ■  /i<4i'  is  J5  iiiln  and  vullai;r 
(it  nm  //if  nifuti.it' "  ix  50  V 

find  :  (a  I  77jr  uaAwt  «f  ft  i.  If).»  Applictl  wlm^e  and  tts  frcquent  x,  (rl  P  F  tif  Hit  limit  t  in  mi 
tmd  aiiivr  funxrr  iimiumrd   t)m\\  ths  I'iuiut:  dtus<ruitt  |\ii£pur  L  tiiv.  April 

Sululiiin.  -a 
R  c 
I  WWhtTOW  VWW' — <f-\[ 

T  I. 

-45  


v. — I 


-35 


-50- 


Fis.  13.23  in  I  Mr.  IJJ3  {t» 

ihl  Since  the  current  /  is  0.4  amp,  and  voltage  drop  across  R  is  20  V, 

ft  =  2mA  -  50  ohms 
Similarly,  Impedance  of  the  coil.  Z,  -  35A).4  -  K7.5  ohtni 
Capacittve  r^t/ince     -  5CWU.4  =  125  ohms 

With  a  capacitor  of  25-5  )J;F.  and  supply  angular  frequency  of  to  radians/sec 

—    =  Xr  .  C  =  125  x  25-5  x  I0~*.  which  gives  o>  =  314  ra./sec. 

The  corresponding  source  frequency.  /  s  50  Hz 

U  l  The  phasur  diagram  is  dravm  in  Fig.  13.23  (hi,  taking  /  as  the  reference- 
Solving  triangle  OAB , 

45J  +  202-35I 


cos  0  = 


2x45x20 


-  0.667.  and  hence  *  =  4&.2a 


Similarly,  cos  f  ISO"  -  pi 
This  gives 


4Ui  ■■  1225  -  2025 


=  106.6" 


2x20x35 

{J  =  73.4".  From  the  phaior  diagram  is  Fig.  13.23  (*>. 
OC  =  O4+/4C=20  +  35cosP  =  30 

BC  -  35  sin  P  -  33.54.  The  eapacitive  reactance  drop  rs  BD. 
Since  fl£>  -  50.  CD  =  16.46  votls. 

V,  =  JoC"  +  CD:  =  34.22  volts 

Z  COO  =  4>  =  cos"1  {OC/OO)  -  28.75* 
The  power-factor  of  the  total  circuit  -  cos  0  a  0.877.  Leading. 
Since  /  Leads  V,  in  Ftg.  1 3.23  (*). 

(si  Fur  the  coil.  ACB  pari  (if  die  phasor  diagram  is  to  he  observed- 
r  -  AC//  -  10/0.4  =  25  ohms 
X{  m  BCJi  =  33-54/0.4  =  83.85  nhms 
Hence,  coil-inductance.  L  =  83.85/314  =  267  milli-henrys. 

P  =  Active  Power  Consumed  =  Vt  I  cos  0=12  walLs 
ir  P  =  (O^j'xt/f  +       12  wans 


4">n  Electrical  '/'ethnology 

13.6.  Power  in  an  Iron-cored  Chokiii|i  Coil 

Total  power,  P  taken  by  an  iron-cored  choking  coil  is  used  to  supply 
fi)   power  loss  in  ohmic  resistance      f~  R  t'O  iron-loss  in  core,  Pc 

-.    P*  -  f  R  +  P  or  ^r-R  +  ~k  is  knuwn  as  the  effective  resistance  of  the  choke. 

t  r 

p<        p  *  jp  A 

effective  resistance  -  true  resistance  =  equivalent  resistance  -3- ,\  Rfff=  Tz  ~  "  +  1 

I  I  1 

Example  UJW.  An  iron-cored  choking  ant  taken  5  A  ■'fcgw  connected  to  a  2(i-Vd  fc  MggMrj  find 
wJtf.j  S  rji  KtLc.  and  consumes  250  W.  Determine  lot  unpe dunce  (ml  the  power  factor  ft}  the 
iron  faM  (dl  inductance  €j  the  toil.  [Elect.  EnR};.  &  Mj\.S.I.  June,  1991) 

Solution.  r»        Z  -  100/5  =  2tt£l 

=  VI  cos  4>    or    250=  100  x  5  xcos  $    a    cos  0  =  250/500  =  0.5 
(c)  Total  loss  =  loss  in  resistance  +  iron  loss  .\  150  =  20  x  5  +  P J  .-,  Pt  =  250  -  100  =  150  W 

jp  250 

((f)  Effective  resistance  of  the  choke  is      =       =  10  £1 

XL  =  ^(Z2-R2)  =  ^(400  -  100)  -  17.32  Q 

<  \nmpk'  L3L3L  A11  iron-cured  eh/iking  coil  takes  5  A  at  a  power  factor  <n 1 0.()  when  supplied  ot 
iOti-  K  fft  Nfctfi  r/ir  Um  core  h  removed  and  the  supply  reduced  to  15  V.  the  current  rises.  to  £ 
A  at  power  fuch)f  (ff'0.9. 

Determine  \a)  the  iron  loss  ttt  the  core,  [bf  die  copper  losx  at  5  A  It}  the  itidm  tnncc  oj  the 
choking  cod  with  core  when  earning  a  current  of  5  A. 

Solution,  When  core  is  removed,  then  2=  1 5fo  =■  2.5  £1 

True  resistance,     R  =  Z  cos  <j>  =  2,5  x  0.9  =  2,25  fl 

With  tr<m  Core 

Power  input  =  100  x  5  x  0.6  =  300  W 

Power  wasted  in  the  true  resistance  of  the  choke  when  current  is  5  A  =  52  X  2.25  =  56-2  W 
(*?)  Iron  loss  =  300  -  56.2  =  244  W  (appro* )  {b)  Cu  loss  at  5  A  =  56.2  W 
(c>  Z=  100/5  =  20O  ;  X, =Zsin  4  =  20  x  0.8  -  I6Q     2ic  x  50  x  L  =  16         £,  =  (U>5W»  N 
Tutorial  Pnthlem  N«.  13.1 

L  The  voltage  applied  to  a  coil  having  #=2900,  L=  G3R  mH  is  represented  by  <?  =  20  siti  100  n  1  Find 
a  corresponding  expression  for  the  current  and  calculate  the  average  value  of  she  power  taken  by  ihe 
coil.  [r  =  0.7117  -.in  1 1 M0  n  -  lt/4l;  SO  \\  |  (/.££  London) 

I.  The  coil  having  a  resistance  of  10  £2  and  an  inductance  of  0.2  H  Is  connected  to  a  I00-V,  50-H?. 
supply.  Calculate  taj  the  impedance  of  the  coil  tb)  the  rcac  lance  of  the  coil  (c>  the  current  wken  arid 
{d)  the  phase  difference  between  the  current  and  the  applied  voltage. 

| in »  d3„i  Ci  ib  1  6JLK  U  ft  I  »^75  A  id)  80  57' | 

Si  An  indue) ive  coil  having  a  resistance  of  J  5 II  lakes  a  current  of  4  A  when  connected  to  3  1 00- V .  60  Hz 
suppy.  If  the  coil  is  connecied  to  a  100 -V.  50  Hs  supply,  calculate  (a)  the  current  ib)  the  power  {e) 
the  power  faclor.  Draw  to  scale  the  vector  diagram  for  the  5U-Hz  conditions,  shoving  the  component 
voltages.  I 1 1-A(t  *  W  -"8  W(t)  O.fWI 

*.  When  supplied  wLui  current  ai  240-V.  singie-phase  at  50  Hz.  a  certain  inductive  coil  takes  13.62  A.  If 
the  frequency  of  supply  is  changed  to  40  Hz,  the  currem  increases  to  16. 1 2  A.  Calculate  the  resistance 
and  induciance  of  the  coil.  I W,       HI  (i/Wf«  Univ,  I 

5.  A  voltage  v  (r}  =  14L4  sin  (314  J  +  \QP)  is  applied  to  a  circuit  and  a  steady  current  given  by  i  (r)  =  14.4 

*         biKhcr  frequencies  like  nidin  frcqiiencies.  ittere  1..  skm-ctfccl  :ilsu. 
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sin  (.314c-  20" I  is  found  id  flow  through  it.  Determine  tit  the  p.i  of  the  circuit  and  tii)  (he  power 
delivered  to  the  circuit.  |O.KM>  <tngi;  Khh  \\  | 

ii.  A  circuit  takes  <i  current  of  3  A  at  100  V,  ihc  current  lagging  by  30°  behind  the  applied  voltage. 
Calculate  the  values  of  equivalent  resistance  and  reactance  of  the  circuit.  I  I'l.KI  iJ  :        1J  | 

t  Two  induct)  vc  i  mpednnce  A  and  H  ire  connected  i  n  scries.  A  has  /T  =  5  II.  L  -  0. 0 1  H,  B  has  R  =  3  1 L 
L  =  0.02  H  [f  a  sinusoidal  voltage  of  230  V  ill  50  Hz  is  applied  to  the  whole  circuit  calculate  [al  the 
current  ib)  the  power  factor  r r  f  the  voltage  drops.  Draw  a  complete  vector  diagram  for  the  circuit. 

|M  lX.fi  ||]  0.h4S  (ft  Vt  -  109.5  V.        1>9J  V|  [/.EE  London) 

H.  A  coil  has  an  inductance  of  0. !  H  and  a  resistance  of  30  Q  at  2Q°C.  Calculate  (/nhc  current  and  irrl 
the  power  taken  from  100-V.  50-Hz  mains  when  the  temperature  of  the  coil  is  60"  C,  assuming  the 
temperature  coefficient  of  resistance  to  be  0.4%  per*C  from  a  basic  temperature  of  20*C. 

|ti)  2.13  A  id)  L5H5  W|  {Ltmd-m  Unh:) 

I,  An  air-cured  choking  coil  Lakes  ■  current  of  2  A  and  dissipates  200  W  when  connected  to  a  2(10- V, 
50-Hz  main.*.  In  other  coil,  the  current  taken  is  3  A  and  the  pnwer  W  under  rlic  same  condition* 
Calculate  the  current  taken  and  the  total  power  consumed  when  the  coils  are  in  scries  and  connected 
to  the  same  supply.  (1-1-  115  W|  (City  mini  Guilds,  London i 

HI  A  circuit  consist-,  of  a  pure  resistance  and  a  coil  in  scries.  The  powci  dissipated  in  ihc  resistance  is 
500  W  and  the  drop  across,  ft  is  MO  V  The  power  dissipated  in  the  civil  is  KM)  W  and  the  drop  across 
it  is  50  V    Hind  ihc  reactance  .ma  resistance  ol  the  cuij  and  ihc  supply  voltage. 

Iv.NtKU:  AQi  !2«Ji%  I 

II.  A  choking  coil  carries  a  current  of  15  A  when  supplied  from  a  50-Hz,  230- V  supply,  The  power  in  the 
circuit  is  measured  by  a  wattmeter  and  h  round  to  be  1300  watt.  Estimate  the  phase  difference 
between  the  current  and  pA.  in  the  circuit  [IHTViHI  (/.EE  hmfan) 

!  1.  An  ofirnic  lesiSLmce  is  connected  in  series  with  a  coil  across  {30- V  ,  50-Hj  supply  Ihc  current  is  1 .8 
A  and  p  ds-  acrms  the  resistance  and  cnil  arc  80  V  and  170  V  respectively.  Calculate  me  resistance 
and  inductance  of  the  cinl  ami  ihc  phase  difference  between  the  eurrem  and  the  supply  vollage. 

[fil.I  A,  U-229  H,  .W  20' |  (App.  Elevl.  Ltmdon  Univ.  I 

13.  A  coil  takes  a  eurreiu  of  4  A  when  24  V  d,c  are  applied  and  for  the  same  power  on  a  50-Hz  a.c, 
supply,  the  applied  voltage  is  40.  Explain  the  reason  for  the  difference  in  the  applied  voltage.  Deter- 
mine («J  the  reuctuncc  ib\  the  inductance  fci  the  angle  between  the  applied  pit  and  current  Ul)  the 
power  m  wait*.  |i«t  H 12  rni  11.0255  II  Ic >  S3*T  trft  9f.  W 1 

14.  An  inductive  coil  and  a  non-inductive  resistance  ft  ohms  are  connected  in  series  across  an  a.c.  supply 
Derive  expressions  for  the  power  taken  by  the  coil  and  Us  power  factor  in  terms  of  ilie  voltage  across 
the  coil,  ihc  resistance  and  the  supply  respectively.  If  ft  =  12  £2  and  ihc  three  voltages  are  in  order. 
1 10  V,  ISO  V  nnd  240  V,  calculate  the  power  and  the  power  factor  of  ihc  Coil.        |54fi  W;  M3>11 

15.  Two  coils  ure  connected  in  scries.  Wi(h  2  A  d.c  thruuyh  the  circuit,  (lie  p.ds  acniss  i lie  coils  are  20 
and  30  V  respectively.  With  2  A  a.c  at  40  Hz,  the  p.ds.  across  ihc  coils  are  140  and  100  V  respec- 
tively. If  the  two  coils  in  series  are  connected  in  a  230- V.  50-Hz  supply,  calculate  (a)  Ihc  current  ihi 
the  power  if)  the  power  factor  |iii>  1.55  \  i/>>  00  W  n  i  It.  IMM| 

16.  It  is  desired  to  run  a  bank  of  ten  100-W.  10-V  lamps  in  parallel  from  a  230-V,  50-Hr  supply  by 
inserting  a  choke  coil  in  series  with  the  bank,  of  lamps  If  the  choke  coil  has  a  power  factor  of  0.2,  find 
us  resistance,  reactance  and  inductance.     |/f  -  4.144  II,  V  -  2IIJ5  12  .  t  <UH>5  ill  \Ltnuion  Univ.) 

17.  At  a  frequency  for  which  at  -  796,  anc.m.l.  of  6  V  sends  a  current  of  100  mA  through  a  certain  circuit, 
When  the  frequency  is  raised  so  thai  2866,  the  same  voltage  sends  only  50  mA  through  the  same 
circuit.  Of  what  does  the  circuit  consist  7  \K  ^  51  GL  I-  =  l',u3X  H  in  series  1  (f.E£  Ijuuiim) 

|H.  An  iron-cored  electromagnet  has  a  d_c.  resistance  of  7.5  12  and  when  connected  to  a  400- V  50- Hi 
supply,  lakes  1(1  A  and  consumes  2  kW.  Calculate  for  this  value  of  current  (til  power  loss  m  iron  core 
{b)  the  inductance  of  coil  fci  the  power  factor  id)  line  value  of  series  resistance  which  is  equivalent  to 
the  effect  of  iron  loss.  11.25  kW.  0.1 1  II.  IK5;  125  Ql  (LR£.  Umiitm) 

13.7.  A.C.  Through  Resistant*!'  mid  < 'jpiiril  uncc 

The  circuit  is  shown  in  Fig.  1  3.24  (da).  Here  Vs  =  IR  =  drop  across  R  -in  phase  when  / 
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Yr  -  PC-  =  drop  across  capacitor  -Jagging  /  by  jt/2 

As  capacttive  reactance  Xch  taken  negative,  Vc  is  shown  along  negative  direction  of  r'-axis  in 
the  voltage  triangle  {Fig,  1 3.24  (ft)} 

-53  p"1 

"AW  Hjr- 


R 


I 


V0- 


Vdltage  Triangte 


Impediuier  Triangle 


Fig.  13.24 

Now  V  =  4yR  +     ^  -  +  (-/XC)J  '-  /  J*?*  +  Jf£ 


nr  /  = 


i_ 

z 


-v  =V„,  sin  o)t 


•("Jib  sin  (mt- 
Fig.  13.25 


Hie  denominator  is  called  the  impedance  of  the  circuit.  So,  Z  =  ^R2  +  X2C 

Impedance  triangle  is  shown  in  Fig.  1 3.24  (cj 

From  Fig,  1324(b)  it  is  found  thai  /  leads  V 
by  angle  $  such  that  tan  $  =  -  X^/R 

Hence,  ii  means  that  it  [he  equation  of  the 
applied  alternating  voltage  is  v  -  Vm  sin  tflf.  the 
equation  of  the  resultant  current  in  the  R-C  circuit 
is  i  -  I  sin  iOV  +  <(t)  so  thai  current  leads  the  ap-  ■ 
plied  voltage  by  an  angle  0.  This  fact  is  shown 
graphically  in  Fig,  1 3.25. 

Fxample  13,32.  An  a.r  mirage  tRO  ■*■  j  60) 
wltx  n  upplifd  n>  ii  rin  uif  and  tht  tiirriti:  tltn> 
f/i.V  iv  f—^  +  l  10)  amperes.  Find  (i)  impedance  of 
tht  a  resit!  tM\  prmmr  pmuumed  and  (Hi)  phase 
sutjtie,  IEkcl.  Teehmilojy ,  Indure,  Univ.  19K9,  linmbav  Univ.  L!W) 

Siduiiun  \  =.  (80  +j  60}  =  100  Z  36,9*  ; 

I  =  -  4  +  ;  10  =  10,77  Z  tan"1  (-  2.5)  =  10.77  Z  ( 180°  -  68.2°)  =  10.77  Z  1 1 1,8° 

(i)  Z  =  V/I  =  1 00  Z36.97iO,77Z  1 1 1  .r 
=  9.28  Z  -  74.9° 

^  9.28  (eos  74.9'  -j  sin  74.9°)  =  2.42  -  j  S.%  £1 
Hence    R  a  2.42  SI  and  Xc  -  8.96  U  capacitive 

(ii)  P  =  ?  R  m  10.771  x  2.42  -  2.81  W 
(Hi)  Phase  angle  between  voltage  and  curem  =  74.9* 

with  current  leading  as  shown  in  Fig.  1 3.26. 
Alternative  Method  f«r  Power 

The  method  of  conjugates  will  be  used  to  determine  the 
real  power  and  reactive  volt-ampere.  It  is  a  convenient 
way  of  calculating  these  quantities  when  both  voltage  and 
current  are  expressed  in  cartesian  form  tf  the  conjugate 
of  current  is  multiplied  by  the  voltage  in  cartesian  form. 
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[he  result  is  ii  complex  quantity,  the  real  part  of  which  gives  [he  rca]  power  j  pari  of  which  gives  the 
reactive  volt-amperes  i  VAR).  h  should,  however,  be  nuled  thai  real  power  as  obtained  by  this  method 
of  conjugates  is  the  same  regardless  of  whether  V  or  /  is  reversed  although  sign  of  voltamperes  will 
depend  on  the  choice  of  V  or  /,* 

Using  currenl  eonjtigale,  we  gel  PVA  =  (80  +  j  60)  (-  4  - ;  10)  =  280  -  J  1040 

.-.    Puwcr  consumed  =  280  V\ 

kvampti  13.33.  !<\  ti  <  in  int.  tin  apphrd  vidrage  is  I  (Hi  V  aiui  ii  fouiul  u>  lug  the  current  of  !<> 
A  h\  M)c  ni  h  ihf  />  t  ttiftginn  •>!  leading  '  tut  What  h  tlte  sidite  ttf  pj.  ? 

Mil'  Ix  the  circuit  mductn  e  or  capacittvr  ?  tivi  What  m  the  value  of  acttvr  tmd  reactive  power  in 
the  atcuil  f  flJask  Ikctririty,  Mombity  l-nrv.  1 ► 

Solution.  The  applied  voltage  lags  behind  the  current  which,  in  other  words,  means  that  current 
leads  the  voliagc. 

(0  .*.  p.f.  is  leading  [it)  p.f.  =  cos  $  =  cos  30°  =  0.K66  Headi  ijh)  Circuit  is  t  aparitiv?  (iv) 
Active  power  =  Wcos  $  =  100  x  10  x  0.866  m  W 

Reactive  power  -  VI  sin  $  ^  100  X  10  x  0.5  *  5WI  \  A  It  [lead  > 

or  VAR  =  ^{VAT-W*  -  ^(IQOxlO)1  -866*  =  5  Jtadl 

F.xnmple  1334.  A  tungsten  filament  huth  rated  at  5(10- W,  HXi-V  is  to  be  cfltmnfed  to  sent  > 
with  tt  mpiuilauci  [«HMi  2<H*-\.  SU-fi;  supph.  Ctdtidate  . 

Iii  i  tilt?  Value  of  caput  itur  vuch  tittit  the  cottage  ami  power  nnwitmed  by  tlu  hidh  are  according 
tit  the  rating  of  thr  huih  fbl  the  puwer  factor  of  tlii  current  drawn  (rum  the  supply.  U'l  draw  the 
fduuer  diagram  of  the  circuit 

tfam.  The  rated  values  for  bulb  are  : 
voltage  =  100  Vand  current  /  =  W/V  -  500/100 


-  5A.  Obviously,  die  bulb  has  been  treated  as  a 
pure  resistance  : 

(fU  Vc  ~  sjllsT  - 1007  - 196  V 
Now.  !X€=  196  or  5  Xv  m  I  96,  Xc  *  39.2  Q 
.-.  tftaC  =  39.2  or  C  =  1/3  L4  x  39.2  =  hi  pK 
(b)  p.f.  =  cos  $  =  vyv  =  100/200  -  0.455 
iltnil' 

(f )  The  phasor  diagram  is  shown  in  Pig 
13.27. 
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^  =  100V  i 


hull- 


22t)  V 


Fig  13.27 


t  sample  1335     A  purr  wii.trancr  of  SO  ohm  i.\  m  series  »nth  a  pare  capactlunrr  of  hn> 
mn  roftirmts  Hir  srrtn  ctHttbtnutum  is  contm  teti itcrttss  JOO-V  Sli  H:  supply   Find  fu>  the  unprd 
mice  \bi  current  [ci  pmcer  factor  \d)  phase  ans;le  \e\  voltage  across  resistor  (ft  callage  ar.ros.s 
itipauior  [>nn*  the  vii  uir  diagram.  (EleeL  lr.ngg.- 1.  TNT  Lniv.  WarranRtl  I985i 

Soktflm.  Xc  ~  L0*lt  /2JC  x  50  X  100  =  32  tJ  ;  R  =  50 

{a)  Z  =  J502  +  323  59.4  il    {b)I=V/Z=  100/59.4  =  1 .684  A 

<r)  p.f.  -  ftZ  =  50/59,4  =  i).K4J  ( Iftadi  (d)  *  -  Cos"'  (0.842)=  J  J  3fi 
(f)  l/j,  -  /Jf  =  50  x  ],684  =  K4.2  V  (f)  ^f  =  Kc=:32  x  1.684  -  53.9  V 


If  t'oliuw  I'lnijugale  is  uwd.  Iten  capaciiUc  V  \Rs  an  pisili»c  unU  ir»JutTivt-  V  \Ra  nssaiivc  ll  iiinem 
^iiiiiagiiic  1*  ufd,  then  aipact|t%v  VAR;  uc  nepdive  and  mitiu^ive  VARs  are  potiuve.  < 
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Lxampk-  13.36,  A  24H  V.  50H;  series  H-C  circuit  take*  on  rjn.s.  Current  of  20  A.  Tile  mini 
untin  vtthte  of die  •  itrtenl  incurs  IJ900  second  before  the  maximum  vidue  of  she  viAhiye  Colculiilc 
ii)  the  p.mt>  factor  tit)  avrntRf  ptmer  Hit)  the  panmetm  oj  the  circuit 

rKkcL  frjigjj.-I,  (  ukuttii  I  im.  P>S7i 

Solution.  Time-period  of  the  alternating  voltage  is  1/50  second.  Now  a  lime  interval  of  1/50 
second  corresponds  In  a  phase  difference  of  2  ft  radian  or  360*.  Hence,  a  lime  interval  nf  1/900 
second  corresponds  lu  a  phase  difference  of  360  x  50/ W0  =  20". 

Hence,  current  leads  the  voltage  by  20" . 

(H  power  fact  or  =  cos  20°  =  (I.93V7  tk-ud) 

(«)  avcrgc  power  =  240  x  20  x  0.9397  =  4.5 1 II  \\ 

(Uf)  Z=  240/20  =  12  £2;  R  =  Zeos  4»  =  12  xO.9397  =  N.28  fl 

Xf«ZBii«=  12  x  sin  20*  =  12x0.342  =  4.1  fi 

C  =  10*/2jix  50x4.1  =775  uF 

Kvumple  13 .37,  .4  voltage  t  ■  /IK)  ami  _f 14  1 1*  applied  u>  a  circuit  cuiixixtin$  of  a 15  U  rr.vi.thir 
and  on  K<>  fit-'  capacitor  <n  srne\  Petcnvtnc  (u  I  on  exprexium  jor  the  i  ahte  of  the  cvrrent  flowing 
nt  titi\  instant  ihi  ftir  power  consumed  \c\  rhcp.il  urran  (he  rupatiitor  ut  'lu  instant  when  the 
current  t\  one-haij  o1     itMMiuum  volue. 

Striulion.   Xc  =  1/(3 14  x  80 X  10"*)  =  39.8 £IZ=  ^25"  +  39.8"  =  47 l"i 

~        m  100/47  =  2.13  A 
0>  -  tan"1  (39,8/25}  -  57*52'  =1.01  radian  (lead) 
to}  Hence,  equation  tor  (he  instantaneous  current 

r  =  2.!3  mii  <3M  /  +  I.Ult  (b)  Power  =  /*/?  =  (Z13/V5)1  x25  =S«.?V\  (c) The  voltage  across 
the  capacitor  lags  lhc  circuit  current  by  rc/2  radians.  Hence,  its  equation  is  given  by 

„-V    sin  (314  r  +  1.01         where  V    =  /  x  *\-  =  2.13x39.8  =84.8  V 

vc  —     cm         \  J  I  ri*        m  C 

Now,  when  <  is  equal  to  half  lite  maximum  current  tsay.  in  the  positive  direction)  then 

i  =  0  J  x  2,13  A 

,*,    0.5  x  2.13  =  2.13  sin  (314 1+  I.0l)or3l4f  +  1.01  =  sin'1  (0.5)  =  £  W  ~  radian 

A    vc  =  84.8  sin  (f  ~  f )  =  84.8  sin  (-Jt/3)  =  -  73.5  V 

or   vr  =  34.8  sin  (™  -  *)  =  44  4  si  n/3  =  73J  V 

Hence,  p.d.  Across  the  capacitor  is  73.5  %  < 

I'Anmnlf  13.38.  \  1  <t[<tt<  imr  11ml  a  utm-uid\ivltvr  rexislunve  lire  connected  in  serum  to  a  200- V, 
xmxif-phase  xupp\  When  u  voitmcifr  huvmx  0  non-tnduaive  retnumce  of  1 1  '<>!>  II  r>.  .  ormednl 
ucrosi  the  resistor.  11  raid-.  L<2  \  mid  tlit  current  then  token  from  the  supply  i»  22  mA 

Itidicilte  on  ii  vector  diuf<rum.  die  voha%L<.\  acrvut  the  twu  compmtents  uttd  ofso  the  xupph 
i  itrreiu  \n  \  when  tlir  lolun,  ici  /s  .  own  ted  and  fol  when  it  is  disconnected. 

N<>)iiiii>ii,  The  circuit  and  vector  diagrams  arc  shown  in  Fig.  13-28  (0)  and  (b)  respectively. 

la)  Vc  =  J2003-1322  =>50V 

It  is  seen  thai  ^  =  tan1  ( 1 50/M2)  =  49"  in  Fig.  1 3.28  (b).  Hence 

(f)  Supply  voltage  lags  behind  the  current  hy  49™.  (ii)  VK  leads  supply  voltage  by  49"  (i/i)  V( 
lags  behind  the  supply  voltage  by  (90°  -  49*)  =  41" 

The  supply  current  is.  as  given  equal  to  22.35  mA.  The  value  of  unknown  resistance  H  can  he 
found  as  follows  : 
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Current  through  voltmeter  =  1 32! \  3.500  =  u  TR  rtiA 
Current  through  /f  -  22  35  -  9.7S  =  1 2.57  mA  , 
Xc  ~  150/22.35  x  10"J  a  6,7]  1  £1 


V 


=  132/1 2.57  x  10"  ■  1 0,500 11 ; 


yi&iv 


-< 
11 

a 

< 

Fig.  13.28 


tb\  U  hen  vultmctcr  i>  disconnected,  Z  ■ 
Supply  current  =  200/12,461  -  16.U  niA 


fi^xj  ^^lO.SQC?  =12500  ft 


In  this  case,     =  16.0  x  10" 


x  10JO0  =  U.H  V 


Vf  =  16.0  x  10"J  x  671 1  =  11)7.4  V;  tan  9  =  107.4/168 
:.  ♦«32.5". 

In  Lhis  case,  the  supply  voltage  lags  the  circuit  current  by  32-5"  as  shown  in  Fig.  13.28  (r). 

Eumple  13.39.  It  is  desired  to  operate  a  IQO-  W,  120-V  electrie  lamp  at  its  1  urrent  rutin?}  from 
u  240-V,  50-Hz  Mififfh-  Gjve  t!riiiil\  I'fihe  \imple\i  nmmirt  in  whirl)  f/r.M  ii<:tiJ  ;,vi,v  ustt:,  /:h  ., 
r,,M.'/>(  tb)wapnnu»  ami  it  tint  nuiitutoi  tuivmx  /esistnme  tif  10  Li .  Whal  nt/werfaetUF  wvuLi  he 
presented  la  the  supply  in  em  h  ease  ami  whivlt  met/nki  is  the  must  ectmumieai  0/  ptmer. 

1  Principle*!  of  P'Jcct.  FnKR.-l.  Jadavpur  Univ.  I*»*5» 

Solution,  Rated  current  of  the  bulb  is  =  100/120  =  5/6  A 

The  bulb  can  be  run  al  its  correct  rating  by  any  one  of  the  three  methods  shown  in  Fig.  13,29.  {a} 
With  reference  to  Fig;.  13*29  (a),  wc  have 
PJ>.  Across  ft  =  240-  120=  J  20  V 

/?- 120/(5/61=  144  tl 
Power  factor  of  the  circuit  is  unity.   Power  cunsumcd  -  240  x  5/6  -  200  \\ 
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{b)  Referring  Id  Fig.  13.29  {h\,  we  have 


■  ~  v  ■ 


240*  -120  =  207.5  V;  Xc  =  207 5  (5/6)  =  249  Q 

.-.    1/314  C  =  249or  C=  |2JpF;  pX  =  cos0  =  120/240  =  u.?  Hi-adi 

Power  consumed  =  240  x  (5/6)  x  0.5  -  1 00  V\ 

(c)  The  circuit  connections  are  shown  in  Hj  1 3-29  (f) 


(5/6)  x  10-25/3  V 


203  V 


314Z.x<5/fi)  w  203    .'-    /.=  0.775  11 
Total  resistive  drop  =  120  +  (25/3)  i=  128.3  V;  cos  0  =  128.3/240  m  flag) 
Power  consumed  =  240  X  (5/6)  x  0.535  -  1 1*7  \\ 

Method  [b)  is  mosi  economical  because  it  involves  least  consumption  of  power. 

I:\ampli-  13.40.  A  nrc-i-U'mettt  series  circuit  consumes  700  W  and  has  0  p.f.  =  tt.70'?  leading. 
II  applied  valui^e  is  u  -  141.1  \ut  f,?/4  t  +  lQ*\,find  the  rtrruit  c.iinstantx. 

Sutul  [en  The  maximum  value  of  voltage  is  14 1 .4  V  and  it  leads  the  reference  quantity  by  30*. 
Hence,  ihe  given  sinusoidal  vuktige  can  be  expressed  in  the  phase  form  as 

V  =(141  AU>1  \  L  3flff  =  100 Z30°  now.  P-Vi  cos  0    .:  700  =  LOO x  A x 0.707;  /  =  10  A 

Since  p.f.  -  0  707  (lead);  0  -  cos"1  (0,707)  =  45°  (lead). 

It  means  that  current  leads  the  given  voltage  by  45"  For  it  leads  the  common  reference  quantity 
by  00°  +45a)  =  75°.  Hence,  il  can  be  expressed  as  f  =  10  Z  75* 

V    100  Z.W 

T~ 

1/314  C  =  7.1; 


=  IOZ-45a  =  7-l-/7,l.-.  R  =  7.ia 


Since  Xc  =  7. 1 


10  Z  75" 

13.H.  Dielectric  Luis  and  Power  f  actor  uf  a  Capacitor 

An  ideal  capacitor  is  one  in  which  there  are  no  losses  and  whose  current  leads  the  voltage  by  90° 
as  shown  in  Fig.  13.30  (a).  In  practice,  it  is  impossible  to  get  such  a  capacitor  although  close 
approximation  is  achieved  by  proper  design.  In  every  capacitor,  there  is  always  some  dielectric  loss 
and  hence  it  absorbs  some  power  from  the  circuit.  Due  to  this  loss,  the  phase  angle  is  somewhat  less 
than  90°  [Fig,  13.30  {&)].  In  the  case  of  a  capacitor  with  a  poor  dielectric,  the  loss  can  be  consider- 
able and  die  phase  angle  much  less  than  W.  This  dielectric 
loss  appears,  as  heat.  By  phase  difference  is  meant  die  differ- 
ence between  the  ideal  and  actual  phase  angles.  As  seen  from 
Fig.  13.30  (£),  the  phase  difference  y  is  given  by  y  =  90  -  0 
where  0  is  die  actual  phase  angle,  sin  ^  =  mm  <<)<■>  -  01  ==  cos  0 
where  cos  0  is  me  power  factor  of  the  capacitor. 

Since  \p  is  generally  small,  sin  V  =  ty  fin  radians)  ,\  lamjf  = 
ijr  =  cos  0. 

It  should  be  noted  that  dielectric  loss  increases  with  the  fre- 
quency uf  the  applied  voltage.  Hence  phase  difference  increases 
with  the  frequency/. 

The  dielectric  loss  of  on  actual  capacitor  is  allowed  for  by 
imagining  it  to  consisl  of  a  pure  capacitor  having  an  equivalent  resistance  either  in  series  or  in 
parallel  with  il  as  shown  in  Fig.  13.31.  These  resistances  are  such  thai  Z3  ft  loss  in  I  hem  is  equal  to  the 
dielectric  loss  in  the  capacitor. 


As  seen  from  Fig.  (13.27  (f>),  tan  y  = 


IX, 


Similarly,  as  seen  from  Fig.  1331  (dl  tan  y  =  ^  =  rjr^  = 


R  =  tan  \\ffw  C  -  p.tJiaC 


t 


ftlh  tfiCft 


Series  .!.(.'.  Circuits 
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IT 


1 


I 


I  iy.  13.31 
] 


if  - 

A  ~  (OC .  tan  y    tuCx  power  Factor    roC  x  p.f. 
The  power  loss  in  these  resistances  is  P  =  v'Vfl^  =  ojCV2  tan  4/  =  co  CV3  X  p.f. 
or   =  ?  R^  =  (i3  x  p.f.VtD  C 
where  p.f.  stands  for  the  power  factor  of  the  capacitor. 


Nttie.  (0  Jn  case,  <|f  is  noi  small  then  as  s*en  farm  Fig,  I  J. -1 1  (6!  tan  it.  =  ^  ~  its.  13.41 )  R^  =  XjJtan  * 


From  Fig.  1 3.3 1  (d),  we  gel  tan  *  =  ^  = 

7,     V//frt  Xc 


(if)  It  will  be  seen  from  above  that  both  Rir  and  RA  vary  inversely  as  the  frequency  of  the  applied  voltage. 
In  other  wortk,  ihc  resistance  of  a  capacitor  decreases  in  proportion  to  the  increase  in  frequency- 
's- fj 

Example  13.41,  A  eujmcttor  hut  u  vapacitmu-e  of  (li  pF  and  n  phase  dtifctvrn  .  of  /<'-  It  h 
inserted  in  xerirs  with  a  UHJ  £1  rrsistnr  in  n>s%  a  2(ffy  V  50-H:  tint:  Fine!  (H  the  fULf  mm  in  two* 
tam  e  due  tti  the  ituenitm  of  thus  atpacittir  till  pewer  diisipaied  111  tlte  capai  ttor  and  nil)  urcmt 


IX'wer  factor. 


10° 


=  318.3  il 


-WW 


10  pF 


 -220V  - 

Fig.  I3J2 


The  equivalent  series  resistance  of  the  capacitor  in 
Fig.  J  3  3  2  is  J^,  -  Xc  /tan  tD 

Now       0  =  90-41  =  90"-  10°  =  m" 

tati0  =  trur  W  =  5.671 

ttM  ~  318.3/5.671  =  561  tt 

(i)  Hence,  resistance  of  the  circuit,  increase};  hy  56.1  £1. 

z  ^  ^(J?  +  Rw}2  +  X^,  =<j\56.\2  h-  3I8.32  =  354.4  Q  ;/  =  220/354  =  0.62  A 
Power  dissipated  in  the  capacitor  =  I2        0.62J  X  56.1  =21.6  W 
[in)  f.'ircini  power  foaoi  is  -      +  K,  )/7  -  I  56  1/354/4  -.•  Hi  k-;id  1 

Fxumple  1.1.42,  Dielectric  heaiuig  is  to  he  employed  to  heal  a  slab  of  insittattn%  material  2  em 
thick  and  150  sij,  cm  jn  w  ea  the  power  required  is  2W  W  and  a  frequency  of  Mi  MHz.  is  to  lw  used. 
Jlw  material  has  a  relative  permittiviT)  of  5  and  a  power  factor  of  0,0.7,  Determine  the  voltage 
(MCttJUW?  and  the  current  which  wttt  flaw  through  the  material,  if  the  voltage  were  to  be  limited  to 
6t/0*V,  to  what  W-fflfM  tfw  frequency  have  to  lie  mixed  f 

I  Fleet,  fillip.  AM  I  FIF  \  New  Sthem.i  hint  IW!| 


blteetricat  'technology 


.Solution.  The  capacitance  uf  the  parallel- plate  capacitor  formed  by  the  insulating  slab  is 


2x  10~ 


As  shown  in  Art.  13.8 


I 


I 


"  "  uaCxp.f.  (2jrx30xlO*)x33.2xlD"t:!xO.O;; 
Now,  P-  iftftj,  or  V  =  ^fx  ^  =  ^200^31%  =S00V 
Current  /  =  W3fc  =  asCV  =  tin  x  30  x  10*1  x  33  2  x  I0"12  x  800  =  54 


=  31%Q 


Now,  as  seen  from  above  P 


SOO^xJO  =  6002x/  or/=(|^)'x3fj=  53.3  Mil* 


J 


Tutorial  Urobilin  No.  13.2 

1 .  A  capacitor  having  a  capacitance  of  20  pF  is  connoted  in  series  with  a  non-inductive  resistance  of 
[111  £1  ai:ro.HS  a  HXl-V.  5tt-Hv.  supply,  Calculate  in)  voltage  ihi  the  fihast  dinc-rence  between  ilse 
current  and  the  supply  voltage  U-\  lb?  power.  Also  draw  the  vector  diagram. 

id; i  ij.sfii  \  i7m  *2.v  .,1 .«),:  w  i 

2.  A  capacitor  and  resistor  are  connected  in  series  to  an  n,c.  supply  of  50  V  and  50  Hi.  The  current  is 
1  A  and  the  power  dissipated  in  the  circuil  is  SO  W  Calculate  uk  resistance  of  the  resistor  and  the 
capacitance  of  (lie  capacitor,  I  2<i  11   212  ni  l 

3.  A  voltage  of  1 25  V  sit  50  Hz  is  applied  to  a  series  combination  of  non-inductive  resistor  and  a  lossless 
capacitor  of  50  uR  The  current  a  1,25  A  Find  (i)  the  value  of  the  resistor  I  in  power  drawn  by  the 
network  i  tH\  nhc  power  factor  of  the  network.  Draw  the  phasor  diagram  for  the  network. 

[10  77 J  a  till  121  W  <iii\  0.773  llclMl||  (£frrfnruJ  Trrkimlngy-I.  Osmania  Univ.  Dm:  I979\ 

4.  A  black  box  contains  a  two-element  series  circuit.  A  voltage  (40  -  /30}  drives  a  cumtiii  of  (40  -  /f> 
A  in  the  circuit.  Whai  are  the  values  of  the  elements  ?  Supply  frequency  is  50  Hi, 

\H  =  MS  :  f  4750  p#|  (Elm.  fwrrf  *:/*■<  frt jnjr>  lUm^ohirr  Umv  f9H(>\f 

5.  Fallowing  readings  wen;  obtained  from  a  scries  circuit  containing  resistance  and  capacitance  : 

V  a  \5QV  :i  =  23  A;  P  =  37,5  W,/=  60  Hz. 
Calculate  in  Power  factor  (in  effective  resistance  (iYi)  capacibve  reactance  and  iiv)  capacitance 

hiitl.]  r/i I  IS  a       59.7  Q  ui  t  44.4  pF| 
n.  An  alternating  voltage  of  10  volt  at  a  frequency  of  159  kHz  is  applied  across  a  capacitor  of  0.01  pF. 
Calculate  the  current  in  the  capacitor.  If  the  power  dissipated  within  the  dielectric  is  100  pW,  calcu- 
late la)  loss  angle  \b)  the  equivalent  series  resistance  (e)  the  equivalent  parallel  resistance. 

(OA  <«)  HI"*  rattan  ib\  tUH  Q  t*|  t  MO] 

13.9.  ResiMtunce.  Inductance  und  Capacitance  in  Series  ■ 

The  three  are  shewn  in  Vvi.  I  3.33  Un  joined  in  series  across  an  a.c.  supply  of  r.m.s.  voltage  V. 


v;  ■ 


-7 


■ — 'VWiV-  TfMi1  \f- 

L 


R 


Fig.  I3J3 


Vff  -  IR  -  voltage  drop  across  R 
V(   -  l.XL  -  voltage  drop  across  L 
Vr  =  IX  r  =  voltage  drop  across  C 
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V„  -  IR  -  voltage  drop  across  R  — in  phase  with  / 

— leading  /  by  rc/2 
—Jagging  /  by  n/2 

In  voltage  triangel  of  Fig,  13.33  (*l,  OA  represents  AB  and  AC  represent  the  inductive  and 
capacitivc  drops  respective!  y,  [t  will  be  seen  that  VLand  Vc  are  180*  out  of  phase  with  each  other  Le. 
they  an?  in  direct  opposition  to  each  other. 

Subtracting  BD  i=  AC)  from  AB.  we  gel  (he  net  reactive  drop  AD  -  I  iXt  -  Xc) 
The  applied  voltage  V  is  repn.vsen.inl  by  OD  and  is  the  vector  sum  of  OA  and  AO 

-•■    OD  =  tJqa2  +  AD2 
Of    I  a 


7^+  0f£ 

The  term  ^R2  +{XL-  Xc) 


is  known  as  the  impedance  ut'  the  circuit  Obviously. 

(impedance)"  =  I  resistance)"  +  (net  reactance)' 

or   2£?  =  R2  *  iXr  JTC>J  =  R2  +  X2 
where  X  is  the  net  reactance  (Fig.  I  3.33  and  13.34). 

Phase  angle    is  given  by  tan  $  =  (A,  -  Xr)//?  -  X/if  -  net  reactance/re.sislauee 


Power  (actor  is  cos  ,  = 


Hence,  it  is  seen  lhal  if  the  equation  of  the  applied  voliuge  is  v  =  Vm  sin  tar.  then  equation  of  the 
resulting  current  in  an  R~L~C  circuit  is  given  by  i  =  fm  sin  tw  i  ±  0) 
The  +  vc  sign  ts  to  be  used  when 


current  leads  i.e.  Xc  ^ 

The  —  vc  sign  is  la  be  used  when 
current  lags  Le.  when  XL  >  X0 

Jit  general,  the  current  lags  or  leads 
Uie  supph  voltage  by  an  angle  ij»  *ueh 
that  tan  *  '=  X/R 

Using  symbolic  notation,  we  have 
{Pig.  1 3.35).  Z  =  R+j  (XL  -  Xc) 

Numerical  value  of  impedance 

Its  phase  angle  is  <t>  =  lan"1  \X(  —  X(JR\ 
Z  =  Z  Z  tan"'  |(*L  -JtfrVJT]  =  ZZ  turf 
If  V  =  V  Z  0,  men.  I  -  V/Z 


*jX|. 


I  in  IJJ5 


Su iikii a of  Results  of  Serin  AC  Circuits 


Type  of  Impedance 

'i  <ilin-  ni  Imfvtiiittt? 

Phase  unfile  far  current 

f><mrr  factor 

Resistance  only 
Inductance  iHily 
Capacitance  only 

Resistance  and  Inductance 
Resistance  and  Capacitance 

tt-L-C 

K 

[,%C 
j[R-+{a>Lfl 
<j\R2  ^l-\/toC]2\ 
J\R*  +  ivtL  -  Utacf] 

ii 

W  lug 
90°  lead 

0  <  f  <  90"  lag 

0  <  <)><  Wlcad 

between  0°  and  90' 
lag  or  lead 

1 

a 

i) 

1  >  p.f,  =■  0  lag 

1  >  p.f.  >  0  lead 

between  1 J  and 
unity  lag  or  lead 

Mi 
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Example  13.43.  A  resistance  of  20  11  tui  intluetance  of 0.2  H and a  capin  itance  tff  iVB  [iF  arc 
amnxcird  in  series  acnns  220-V,  .SU-Hz.  mains.  I h-lcnmnc  the  fi'Utnvin^  in .  oupeJam  ••  ••  /> i  ■.  urrent 
ir)  volutin'  acmss  R,  L  and  L~  tdl  power  in  watts  uud  V\  ic<  y  i  inul  nui'h  -it  lav. 

(Elect  Engs-  A.M. Ac  S.I.  1992) 


Solution.  Xc  =  0  2  x  314  c  63  ft  C  =  10  uF  =  100  X  WT  m  10" 
1  I 


larad 


y  _ 


314X10" 


=  32 IX  X  =  63  -  32  =  3 1  ft  (iW«r//vt) 


(3)2=  ^(20*  +  3 1)1  =37  ft  (6)  /  =  220/37  =  f>  A  mppmil 

(r)  Va  =  I X  Jf  =  6  x  20-  120  V:  V£  =  6  x  63  =  171  V,  Vc=,6  x  32  -  191  V 

(>/)  Power  in      =  6  x  220  =  1320 

Power  in  waits  =  6  x  220  x  0.54  =  713  W 

(<•)  p.f,  =  cos  ((» -       =  20/37  =  11.54:  $  -  cos"'  (0.54)  =57  IK' 

Example  13.44.   \  volume  e\t\  -  r(«fi  ,vm  JN  I  w  applied  to  series  rircuit  tnn.u\any.  of  It)  ohm 
resistance.  O.ilMX  henn  tmhtctaiu  i  i/«rJ  «  capacitor  of  63.6  fiF.  Cakuhne  (if  expression  for  i  ft) 
itiiplui.it  tmyjc  Itcnreen  voltage  and  current  fii'J  (MfHCrfiKttir  (ivl  active  power  consumed  (vj 
ro/mr  fiy "pulsating  MttJ$)  (FlecL  Technology.  Jndore  Univ.  iy85l 

Solution.  Obviously,  fl)  =  314  rad/s  ;  X,  =  <a  jL  =  3 14  x  0.0318  =  10  ft 
Jfr^  l/aiC=  1/314  x  63-6  x  lO-6  =  50ft ;  X  =  X£ - 
X,~  =  ( i0  -  50}  =  -  40  ft  (capacitive) 


Z=  lO-j'40  941.2^-76' 
V  (IG0fV2)ZQr 
Z 


I 


=  1.716  Z  76* 


4L2Z-76* 

;rt=  fxVz  =  1-'HGX'/2=2.43A 

(j)  i  (t)  ~  2.43  sin  (314  t  +  76°) 

(n)  0  =  76"  with  current  leading 

(Hi)  p.f.  =  cos  $  =  cos  76"  =  W.24  I  Kuril 

f iv)  Aclive  power.  P=  VI  cos  0 

=  {100/ >/2)  (2.43/72)  x  0.24  =  29.16  W 

(v)  As  seen  from  Fig,  1 336,  peak  value  of  nulsal- 


Fift.  13J6 


.   V  I 
ing  energy  is  _ 5L.iL 


V  / 

—  -  cos f 


V  /  I  no  x  2  41 

-^s-  (I  +  cos  <|>) -^^^(1+0.24)  =151  U 


2    *"    "  " T'  2 

h\:minte  1 3.45,  / \ro  unprtiances  Z,  tuu/  Z.  n  /if/p  connected  separately  ti<  RMX  r(  2iO  V,  JfiUKl 
iiippv  cdfUUMA/  / (TfJ  H'  ftO  M'  ai  fnwer  factors  oj '0.5  laggmy  ami  OA  leading  respectively.  If 
these  impedances  are  noH  connected  in  series  ac  ross  file  same  supply,  find 

[f)  total  pwvci  ah.uu  bed  and  overall  pX  lH)  the  value  of  the  impedance  to  he  added  m  series 
so  as  to  ratse  die  overall  pf.  to  uitit\  [Elect.  Circuits*!.  BanKlnre  Univ.  1V87) 

^(ilLiliou.  LiiduLlne  Impeilam  e  V,  /  cos  0,  =  power,  230  x  /,  X  0.5  =  100  ;  lt  =0,87  A 
Now.  I,1  A,  =  power  or  0      J!,  =  100;  X ,  =  1 32  ft ;  Z,  =  230/0,87  =  264  ft 

Xt  -  ^  -  1$  =  i/264J  - 1322  -  229  ft 
l.apacitatiie  IniperJarice  Vj  -  60/230  X  0.6  =0.434  A  ;  I,  e  60/0.4343  =  3  lH  ft 

2,  =  23W0  434  =  530  ft ;  Xt-  =  ^5302  -  3182  =  424  ft  (capadtivc) 
Whr-n  7.,  and  /.j  art  eontiectod  in  strips 

R  =  Rl+R2=  !32  +  3lB  =  450ft;X  =  229  -  424  =  -l95ft(ca[wcrtive) 


Series  A.C.  Circuits 
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Z  n  ^/t3  +  X 3  =         +  (-  195)3  =  490  Q.  /  -  230/490  -  0.47  A 

(J)  Total  power  absorbed  =  /  ft  a  G.4?1  x  450  =  W  W ,  cx&^R/Z- 450/490  =  0.92  I Un  rl  t 
(ii)  Power  factor  will  become  unity  when  the  net  capacitive  reactance  is  neutralised  by  an  equal 
inducuvc  reactance.  The  reactance  of  the  required  scries  pure  inductive  cuil  is  I '.'5  Li. 

r  vumplv  13.4ft.  A  u  \ishiwt  ft.  an  indm  nmt  e  t  -  0.0/  //  und  «  <  ij/Mi/frmtt'  C«re  connected 
in  series.  Whrn  a  vntfagr  v  =  -MO  Ml  (jlflft  f  -  fit"  1  rr</h  r.i  applied  n>  the  sttws  eundnmmtm  rhr 

current  ihwing  is  tt>  J 2  ,;>\  tMHH) 1  -  .'O"  I  amperes   Find  ft  and  C 

tElecl.  L'irniiis  Ningpor  Univ.  I°<>2i 

SnlirtHni,  The  phase  difference  between  the  applied  voltage  and  circuit  current  is  (55s  -  10")  - 
45"  with  current  lagging.  The  angular  frequency  is  to  =  MXM)  radian/second.  Since  currcni  lays. 

.    Net  reactance  X  =  {XL  -        Aiso  XL  =  dot  =  3000  *  0.01  =  30  Q 

Lnnh^X//?    or    tan454=JW»    .'.    X  =  R     Now.  Z  =      =  ~£~  -  28.3ft 

L     10  J2 


=  I0n  or 


If  =  Z/72  =  28.3/^2  -  20  ft  X 
=  or  C  s  JS  jf 


_J_  =  10  or  — ' — 
a>C  3000C 


XL-  Xc=30- 


Xc  =  20 


KxampJe  13.47,  -t  mm-uidiiitive  resistor  is  imitected  in  writs  ntth  a  wit  unit  a  capacitor. 
The  (  iti  iui  m  1  imm  rUft  n>  u  single  pints r  ti.t  supply  It  Ittr  voltages  are  tis  indicated  in  Ftf>  !J.J? 
i\hrn  current  flowing  through  the  circuit  is  V.A45  A,  find  the  applied  collage  and  the  power  fa.n  in 
<o<l  il-HecL  Ungg.  Pime  UWV,  IMS) 

SiiJulliiii,  [t  may  be  kepi  in  mind  that  the  coil  has  not  only  inductance  L  but  also  some  resistance 
r  which  produces  power  loss.  In  the  voltage  vector  diagram,  AB  represents  drop  across  R  =  25  V. 
Vector  BC  represents  drop  across  coil  which  is  due  to  /.  and  r.  Which  value  is  40  V  and  the  vector 
SC  is  at  any  angle  of  $  with  the  current  vector.  AD  represents  50  V  which  is  the  drop  across  R  and 
cuil  combined-  AE  represents  the  drop  aross  the  capacitor  and  leads  the  current  by  90°. 

It  will  be  seen  that  the  total  horizontal  drop  in  the  circuit  Is  AC  and  the  vertical  drop  isAG  Their 
vector  sum  AF  represents  the  applied  votlage  V. 

From  triangle  ABD.  we  get  501  =  402  +  25J  +  2  x  25  x  40  x  cos  +     cos  $  =  0. 1375  and 

sin  4  -  Q.99-  Considering  the  coil.  IZL  =  40    .-.    Z,  =  40/0.345  =  1 15.94  13 

Now  r  =  Z,  cos  *  =  I 15  94  x  0.1375  -  15.94  ft 

Power  loss  in  the  coil  =     =  Q.3452  *  15.94  =  1.9  W 

SC-  BD  cos  If  -  40  x  0.1375  -  53  V  CD~  BD  sin  $  =  40  x  0.99  -  39.6  V 

AC  =  25  +  53  -  30.5  V;  AG  =  AE  -  DC  =  55  -  39.6  =  15.4  V 

AF  =tJaC2  +  CF2  -  +  f  5.41  =  34-^  V 


L3 


c 


—25  V  -4-  40V-4-S5V- 


1-4 

ac 


Fir,  I3J7 


F.  t55  V 


5112 
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K\  ample  13.48.  A  4.7     inductor  Which  tut*  u  resistance  of 20  H,  a  4  p/'"  njfuuiior  and  u 
KH)-Q  mm inductive  resistor  arc  connected  in  scries  to  a  IIHLV.  50  //;  supfily.  Cctkutilte  the  time 
internal  between  the  famine  (H'ui  I'ulur  of  ik<-  \ujijit\  voltage  ,niJ  tin  uru  fuvL  vaiur  oj'jwmr 
Soluiion.  Total  resistance  =  120  ft;  XL  =  2n  x  50  x  4.7  =  1477  ft 
Xc  m  itffbl  x50x4^  796  Q;  Xm  1477  -  798  =  63t  £k  Z  -  ^120' +68  r  =  601. 3  fl 

cos  <j>  =  fi/Z  =  1 20/691 J  =  0. 1736;  (|>  =  80" 
Now.  as  seen  from  Fig,  13.38.  ihe  anglular  displace- 
ment between  the  peak  values  of  supply  voltage  and  power 
cycles  is  AC  =  &2  because  AS  -  9(H)  and  AO  -  1 80np, 
HcneeAC  =  90-<)>/2 

J?C  =      -  AB  =  (90  -  */2)  -  (90  -  $)  m  ty? 
Angle  difference  =  #2  =  8072  =40° 
Suite  .i  J  li  1 1  eye  It  oJ  360'  Lorrcsptinds  to  a  Lime  interval  "I 
1.50  second 


Fig.  I3J8 


Voltage 


40"  angular  interval  ** 


40 


50x360 


=  1.22  iiiv. 


h'xamptc  13.49.  >  mil  j.i  m  series  with  it  2i>  \ir  rapttiiiirr  ni  ra,\s  a  23<t~V,  S0-Hz  ■uift/tly.  the 
rurrfnt  token  M-  the  iitr  ait  ItSA  tutii  ttir ftiHvr  consumed  m  2lHi  M'  Culniluie  itic  nuiih  low  <  <<;  ihc 
roil  if  the  potffr  tactnr  erf  the  circuit  t*  <il  leading  in)  lagging. 

Sketrh  a  vector  diagram  far  each  rrmdition  and  calculate  the  coil  power  fader  in  rath  ctt\t. 

(Elect.  Knuji.-1  N»Kpnr  IJniv  IWJ1 

Solution.  (/)  Since  power  factor  is  leading,  net  reactance  X  =  (Xc  -  Xt)  as  shown  in  Fig. 
13.39  (a). 

-  200  or  S:*  R  =  200;    /.    R  =  200/64  =  25ffl  ft  =  3.125  ft 
Z  =  W/  =  230/8  -  28-75  ft;  X,  -  Uf/2jt  x  50  *c  20  -  159.15  ft 


/f,  +  &  -  28-75" 


X  =  28.58  ft 


A'^  =  1 30,57  ft  or  23t  sc  50  x  L=-  1 30.57 


If  0  is  the  pi.  angle  of  ihe  coil,  then  tan  8  =  R/Xt  =  3. 125/1 30.57  =  0,024  ;  8 
coil  -  0.999? 


(Jfc-Xt)  =  28.58   or    159.15  -  XL  =  28.58 
L  =  0.416  H 

1.37".  p.f  of  the 


(ii)  When  power  faetur  is  lagging,  ne!  reactance  is-  (XL  -  Xc\  as  shown  in  Fig.  13-39  [h). 
/.    X,  -  159  1 5  =  28.58    or   XL  =  187.73  ft    .-.    1 87.73  =  2ft  x  50  s<  L  or  L  =  0.597  H. 
In  this  cose,  ten  0  =  3.1 25/1 87.73  =  0.01 67  ;  0  =  0.954"  .-.  cos  B  =  0.9998. 
The  vector  diagninis  for  the  two  conditions  are  shown  in  Fig.  13.35. 


4 

J' 

I 

Fig.  13.39 
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Ejuunplr  13.50.  In  Fig.  H4Q.  .ulculot,  li)  current  Hi)  vim%t  timpi  V,,  Vr  <mci  V,  and 
irrJi  power  ubwrhed  ru<  h  unpedancc  and  total  (timer  ahwrbed  hy  rite  circuit  Take  vot/age 
H  i  i,tt  alom, •  ihe  reference  axis.  2t  ^  7 

Solution.  Z,  =  f4  +  /J>  I*  Zj  -  {6  -/»)  Ct,  Zj  -  (4  +  j0)O 


Z  =Z,  +  Z,  +  Zj  =  (4  + j3>  +  (6  -jf&)  +  <4  +  /»  =  I 14 -/5)i2  | 
Taking  V  -  V  ^  0*  -  100  A  0"  =  t  LOO  +  jO) 
_I00 

Z 


l  =  ^  = 


(14-/5)114  +  ^5) 


— wiw  1|- 

WW 

 0 

(14  -  yij 
to  Mu^ii i i tide  of  the  current 

=  J<6.34:  +2.261)  =       A  Kip.  1 3.411 

(tf)  V,  =  CE  -  (6.34  +  j  2.26)  (4  +  /3)  =  18,58  +  j  28  06 
Vj  -  IZn  =  (6  34  +  jf  2,26)  (6  - jS)  -  56. 12  -j  37. 16 
V,  =  IZj  =  (6.34  +  j  2,26)  (4  +  ,/t»    25.36  +j  9.04 
V  =  100  +  j  0  (check) 
Uii)  P,  =  6.73*  *  4  =*  18M3W. 

=  6.731  x  6  =  271.74  W.  P,  sfi.731  x  4  a  181.13  W, 
Total  =  34  W 

Otherwise        PVA  =  (100+ j  0)  (6.34  -  j  2.26}  dicing  current  conjugate} 
-  634-/  236 
real  power  -  634  W  las  a  check) 
i-  vinipU-  13.51.  l>taH  o  ivi  fur  ?>>/  rfir  circuit  thown  in  Fig.  7.f.4/  indii  attng  the  resistance  ami 
reut  lance  Jrup\.  the  terminal  votiages  \\  and  V,  and  the  current.  Find  the  values  of  It)  the  cut  tent 
i  (it)  \  .  twJ  I   ami  Mi)  p.f.  (Dements  of  Elect  Enjy"T.  Ftangalore  llniv.  I VSK i 

Solution.  L  =  0.05  +  0. 1  =  0.15  H;  XL  =  314  x  0.5  =  47. 1  H 
Xc  *  I0*ai4  x  50  =  63.7  II;  X  =  47.1  —  63.7  -  -  16.6  U  R  =  30  il 

Z  =  ^30-  +(-16.6)"  =  34.30  io  0  05H     20  o.m  toff 

(f)  1=  V/Z=  200/34 J  =  5Jp  V,     |    W  W   |   W  WH  h 
fmm  Fig.  13.41  {a) 

<ii)  J^p=*  3 14x0.05 
a  15.7  £3 


+  15.7-  =18.6  0 


Z,  -  ^ 
V,=  IZ,  =  5,83  x  18,6 

a  108.4  V 
f,  =cos  1  (10/18.6)  =  57.5"*  lag) 


 o200V*nH?  o- 


Kit.  13.41 


221  \ 


Xo  =  3!4x0.l  =  3MaA(;=-63.7aX=31.4-63.7e-322ftZ!  =  >/201  +(-32.3j; 

-  cos" 3  (20/38)  =  58.2  (lead) 
fSO  Combined  p.f.  =  cos  <f>  =  /&2  =  30/34.3  =  0.875  4 1  rail  I.  from  Fig.  1 3.41  (A). 
lAampIv  13.52.  In  a  circuit  the  applied  cottage  is  found  u>  lag  Ihe  current  h\  Mt 
i  ti  i  h  the  power  factor  tagging  or  lending  '  lb)  Wtuu  is  the  value  of  the  power  factor  '  \  c)  h  the 
circuit  uuhaive  or  capticitive  ? 

In  the  dutantm  of  Fig  13.42.  the  wtiuifc  drop  etcrvss  Z,  ii  ill)  +  pi  mils.  Find  out 


5n4  Fleetricat  Tecltnulagy 

it)  lite  current  in  tin-  ehvuit  I  ill  die  nrttagt?  drops  lU'rass  Z:  and  Z,  I  til)  (he  voltage  of  (he 
incite ''titor,  (Lk'i'L  Knc.fl.-l.  Bombay  I  nlv.  1'WJi 

Si  Out  id  11,  (a)  Power  factor  is  leading  because  current  leads  the  voltage. 


\=U0'ijO>  


Zl 


1 


(Hj4)fl 


<>j7.4*)fl 


] 


l-ii:.  I3.-I2 

ib]  p.f.  -  cos  30°  -  (1.86  fk>ad  i  (f)  The  eircuil  is  capacitim. 

(i)   Circuit  current  can  be  found  by  dividing  voltage  drop  V(  by  ZL 

I  _  10+ iQ^O"  =  2Z-53.1°  =  2(cos  53.1°-;  sin  53.1°) 
3  +  J4     5  Z  53.1° 

=  2(0.6-/0.8)=  1.2- j  t.6 
Zj  =  2  +  j  3,46;  V.,  =  IZ^  =  (1.2  -  j  1 .6)  (2 + /3.46)  -  (7-936  +  j  0.952)  volt 
Vj  -  (1,2 -J  1.6)  (1- j  7.46}  =  (-  10-74  -j  L0J5)  voll 
0/)  V  =  V,  +  V2+ V,  =  U0  +  ;0)  +  (7.936  +  j  0.952)  +  (-  10.74  -  >  10.55) 

-  (7.2 -j  9.6)  =  12  Z- 53. 1° 
Incidentally,  ii  shows  that  current  I  and  vultagc  V  are  in  phase  with  each  other. 
Fxampli?  13.53.  A  2J0-V,  5(i-H:  ttiterntttin^  p.d.  wppthu  a  dieting  tvtl  htn'lng  an  induvtant 
i</f/.fJfi  hfiin-  in  -it-fit",  with  it  rttjiwiituur  oj'fi.K  uF  the  effeairt'  irstMtimc  <>)  the  dentil  he  inn 
2J U  Estimate  the  current  jtid  the  an^le  <>fthe  [itiaj,e  ihft'etrtwe  ttptwtvit  it  and  the  applied p.d  It 
the  fi.il  litis  it  10'A  hofwonu  W  5  times  the  fundamental  frequence,  estimate  la)  the  eurtetit  due  lei  it 
and  i  hp  the  p.d.  across  the  capetcitunve. 
iKItLtppcal  Nt'ittork  \nal\sis.  Nappiii'  I  iiiv.  IW3I 

Wlniion.  Fumrlu  menial  FrequL'tnrv  :  For  the  cir 
cuit  in  Fig.  1343, 


XL  =  OiL  =  Zic  x  5(1  x  0.06 


Xc  = 


■  =  648  £i 


27Tx50xr5.R 
X  =  1 8.85  -  46* --449. 1 5  £1 


2.5  Q 


0.06H 


6.8  uF 


501  tz 


Fi<;.  LM3 


449.2 
2.5 


=  -89°42' 


2  -  J2.51  +  (-  449. 1 5)J  =  449.2  £1 
Current    lf  =  230/449.2  =  0J 12  A  phase  angle  =  tan" 

current  leads  p.d-  by  89*  42'. 
Firth  Hnrmimli;  Freijiieni*  XL  =  18.85  x  5  =  94.25  £1;  Xc  =  468  +  5  =  936  ft 

J(  -  94.25  -  936  =  0.65  Q:  Z  =  ^2.52  +  0.65z  =  2.585  &  Harmonic  p.d  =  230  x  10/100  =  23  V 
.-.    Harmonic  current  lh  -  23/2.585  =  8.893  A 


Scnt'jk  .-I.C-  Circuits 


P.D,  Across  cpadlOT  at  harmonic  freqency  is,  Vh  -  8,893  x  93,6  =  832.6  V 
The  total  current  flowing  through  (he  c bruit,  due  in  the  complex  voltage  wave  form,  is  found 
from  the  fundamental  and  harmonic  components  thus.  Let, 

/  m  the  r.m.s.  value  of  total  circuit  current, 
If  -  r.ra.s,  value  or  fundamental  current. 

value  of  fifth  harmonic  current, 

(ft)  The  r.m.s.  value  of  p.d.  across  capacitor  is  found  in  a  similar  way. 
Vjr  -  0.512x468=  239.6  V  

V  -  ^(V/  t  VA2)  »  ^239.6J  +  832.61  >=**.4  V 

Julnriul  I'mhlem  No,  13.3 

1  An  e.m.f  represented  by  t  ■  LOO  tin  100  It  /  u  impressed  across  a  circuit  consisting  of  40- fl  ncsinof 
id  series  with  a  40- capacitor  and  a  (1.25  H  indicator. 

Determine  [0  the  r.m.s  value  of  the  current  07)  the  power  supplied  Uii)  the  power  factor. 

Ill  I  1.77  A       12?  W  Ht|  \M\  {London  Univ.) 

;  A  series  circuit  wish  a  resistor  of  100  fl  capacitor  of  25  uf  and  inductance  of  Q-lS  H  is  connected 
across  220- V,  60-Hz,  supply.  Calculate  Ui  current  Hi)  power  aod  (iff)  power  racior  in  ihe  circuit 

|(f)  IJTAlflfl  3*i  H       O.Y  lltwffrj  (Efer*  Ertgg.  and  ElecSmnica  Bfmgalnre  Vmr.  f9&S) 

S.  A  asries  ciicuii  with  =  10  fl.  L  =  50  mW  md  C  ^  100  Ls  supplied  with  200  V,f50  Hz.  Find  10  (he 
impedance  tit]  current  tiii)  power  (ft-)  power  lac  I  or. 

Ill  I  IH.V4  1J  irii  1S_F5  \  iih'i  I'Jtrft  \V  urH>.5,*  i  luilinu'1 
[fBta  Engg-  &  Eleetnmiix  Bangalore  Univ.  /WSfi) 

J.  A  coil  of  resistance  10  il  and  inductance  0,1  K  is  connected  in  series  with  a  150-|iF  capacitor  across 
.i  200- V,  supply   Calculate  (a)  the  Inductive  reactance.  (A)  the  eapaeitive  reactance.  (?')  the 

impedance  id)  ihe  current.  If)  Ihe  power  factor  </)  Ihe  voltage  acres*  the  roi]  and  the  capacitor  respec- 
tively, |4*)  .*i.41Hfti2l.2Q  it  i  I4..U1  iJi  14  A  if  i  11.7  \u)>iji  4r.u  \  .  yn  \  \ 

?.  A  circuit  is  made  up  or  10  fl  resistance,  12  mH  inductance  and  2S 1  J     capacitance  Is  series  The 
supply  voltage  is  100  V  (constant)  Calculate  the  value  of  ihe  cuneni  when  the  supply  frequency  is 
50  Hz  and  lb)  150  Hz.  |H  A  leading;  N  \  lujajhiul 

•«.  A  coil  having  a  resistance  of  10  O  and  an  inductance  of  0.2  H  is  connected  in  series  with  a  capacitor 
of  59.7  fift  The  circuit  is  connected  across  a  lOO-V,  51)- H/  a.c.  supply.  Calculate  In)  the  current 
flowing  tb)  the  voltage  across  the  capacitor  0?>  the  voltage  across  the  coil.  Draw  a  vector  diagram  to 
ie*Je,  Hut  M  A  lfi>  62H  V  (c  I  f»35  %  I 

7.  A  coil  is  in  series  with  a  20  uf"  capacitor  across  a  230-V  .  50-Hi  supply  The  current  taken  by  the 
circuit  is  8  A  and  the  power  consumed  is  200  W.  Calculate  the  inductance  of  the  coll  il  the  power 
factor  of  the  circuit  is  la  I  leading  and  tin  lugging.  1 
Sketch  a  vector  diagram  tor  each  condition  and  calculate  the  coil  power  factor  in  each  case 

in.415  )l:  0347  Hi  MHI ;  (Mil  Aft) 

H,  A  circuit  takes  a  current  of  3  A  at  a  power  factor  of  0.6  lagging  when  connected  to  a  1 1 5-V,  50-H/ 
supply.  Another  circuit  takes  a  current,  of  5  A  at  a  power  factor  nf  0.707  leading  when  connected  to 
the  sanic  supply.  II'  die  twu  c  newts  are  connected  in  series  across  a  230- V,  50Hz  supply,  calculate 
(a)  the  current  (b)  the  power  cottionxd  w*l  (<r)  rhe  power  factor. 

|Wl5.r  \  lfn  t.lNSliU  ir?  fl.<MV  luxl 

14  A  coil  of  insulated  wire  of  resistance  8  ohms  and  inductance  0.03  H  is  connected  to  an  a.c,  supply  at 
240  V.  50- Hz.  Calculate  (a)  the  current,  the  power  and  power  factor  0)  the  value  of  ft  Capacitance 
which,  when  connected  in  series  with  the  above  coil,  causes  no  change  in  the  values  of  currem  and 
power  taken  from  the  supply.  |<oi  19.4  A.  MU2  W  .  It.ft?  luii  iftl  HiK.7  iih'l  [London  Univ.\ 

10.  A  series  circuit,  having  a  resistance  of  10  Q.  an  inductance  of  0.025  H  and  a  variable  capacitance  is 
connected  to  a  100-V.  25-Hz  single-phase  supply  .  Calculate  the  L-apacitance  when  the  value  of  the 
current  id  I  A,  At  this  vulue  of  tHpaLiuiiKc.  also  calculate  tai  die  circuit  impedance  ib\  the  circuit 
power  fjctiw  and  u  j  the  ptiwcr  cnnsuincd  (556  11F  ia\  I J  fl  \b\ 0.8  leading  (ct  ft40  W\ 


?t)h 


Liectruwl  Technutogy 


LI.  An  alternating  voltage  is  applied  to  a  series  circuit  consisting  of  a  resistor  and  iron-cored  inductor  and 
4i  unpad  tor.  The  current  in  the  circuit  is  0,5  A  mid  the  voltages  measured  are  30  V  across  the  resistor, 
48  V  across  the  inductor,  60  V  across  the  resistor  and  inductor  and  9ti  V  across  the  capacitor. 
Find  (ai  the  combined  copper  and  iron  kisses  m  the  inductor  lb)  ihe  applied  voltage. 

[{at  3  J  W  tfri  5ft  VI  {City  £  GiifMj,  Lowfrn) 

1 I.  When  an  inductive  coil  Is  connected  across  a  236$*,  50-He  supply,  ihe  current  i.s  found  lobe  10  A  and 
Ihe  power  absorbed  \25  kW  Calculate  ihe  impedance,  ihe  resistance  and  ihe  inductance  of  [he  pojL 
A  capacitor  which  has  a  reactance  twice  that  of  Ihe  coil,  is  now  connected  in  series  with  the  coil  aeros* 
Ihe  same  supply.  Calculate  the  p.d.  Across  ihe  capacitor.  \25  Q:  I2J  li;  Mf.7  mti:  433  VI 

1 3.  A  voltage  of  2SW)  V  is  applied  to  a  scries  circuii  consisting  on  a  resisior.  an  inductor  and  a  capacitor. 
The  respective  voltages  across  these  components  are  1 71).  ]  50  and  100  V  and  the  current  is  4  A.  Find 
the  power  factor  of  the  ijiductor  and  of  the  circuit.  I U.  Id:  11.97 1 

14.  A  pure  resistance  K,  a  choice  coil  and  a  pure  capacitor  of  5Cu  f  are  connected  in  series  across  a  supply 
of  V  volts,  and  carry  a  current  of  L57  A.  Voltage  aetata  R  is  30  V,  across  choke  coil  50  V  and  across 
capacitor  100  V,  The  voltage  across  the  combination  of  R  and  choke  coil  is  ofl  volt.  Find  I  be  supply 
voltage  V,  the  power  loss  in  ihe  choke.  Frequency  of  the  supply  and  power  factor  of  the  complete 
circuit   Draw  ihe  phasor  diagram.  JWIJ  V:  6.5  W;  IK562  leadl  (F.E  Pane  Univ.  No.  1986 1 

LI.  Ml,    Resonance  in  R-L-C  Circuits 

We  have  seen  from  An.  13.9  that  net  reactance  in  an  R-L-C  circuii  of  Fig.  1 3,40  (a)  is 

X  =  X! -Xc  andZ  =  ^[R2  +  (XL- Xcf]=^R2  +  X2 

Let  such  a  circuit  be  connected  across  an  ac.  source  of  constant  voltage  V  but  of  frequency 
varying  from  zero  to  infinity.  There  would  be  a  certain  frequency  of  die  applied  voltage  which 
would  make  XL  equal  to  Xc  in  magnitude.  In  that  case,  X  ~  0  an  2  =  R  as  shown  in  Fig.  1 3.40  U'V 
l  "nder  this  condition,  the  circuit  is  said  to  be  in  electrical  resonance. 


As  shown  in  Fig.  13.40  (c), 


XL  and  Vf- 


i.  Xc  and  the  two  are  equal  in  magnitude  but 


opposite  in  phase,  Hence,  they  cancel  each  other  out.  The  two  reactances  taken  together  act  as  a 
short-circuit  since  no  voltage  develops  across  them.  Whole  of  the  applied  voltage  drops  across  R  so 
that  V=  Vg.  The  circuit  impedance  Z  =  R.  The  phasor  diagram  for  sereis  resonance  is  shown  in  Fig. 
13.40  {d>. 

(.'akululion  of  Resoimnl  Frequency 

The  frequency  at  which  the  net  reactance  of  the  series  circuit  u)  »8tb  is  called  the  resonani 
frequency  /n.  Its  value  can  be  found  as  under :  XL-Xc  =  ftor  XL  -  Xc  or  ti\/, «-  I  /%C 

if  L  is  in  henry  and  C  in  farad,  then/ft  is  given  in  Hz. 

When  a  sereis  R-L-C  circuit  is  in  resonance,  it  possesses  minimum  impedance  Z  =  R*  Hence, 
circuit  current  is  maximum,  it  being  limited  by  value  of  fi  alone.  The  current  tu  =ViR  and  is  in  phase 
with  V. 


or 


— >4~ 


L 


C 


y.— 


#■ 

(a) 


Z=R 


(c) 


Fig.  13.44 

Since  circuit  current  is  maximum,  it  produces  large  voltage  drops  across  L  and  C.  Bui  these 
drops  being  equal  and  opposite,  cancel  each  other  out.  Taken  together,  L  an  C  from  part  of  a  circuit 
across  which  no  voltage  develops,  however,  large  the  current  llowtng.  If  it  were  not  for  Else  presence 
of  R.  such  a  re sonanl  circuit  would  act  like  a  short-circuit  to  currents  of  the  frequency  to  which  it 
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resonates.  Hence,  a  series  resonant  circuit  is  sometimes  called  acceptor  circuit  and  the  series  reso- 
nance is  often  referred  to  as  voltage  resonance, 

In  fact,  at  resonance  the  series  RLC  circuit  is  reduced  to  a  purely  resistive  circuit,  as  shown  in 
Fig.  13.44, 

Incidentally,  it  may  be  noted  that  if  X,  and  Xc  arc  shown  al  any  frequency/;  that  the  value  ui  the 
resonant  frequency  of  such  a  circuit  can  be  found  the  relation  /„  =  /  ^jxcJX , . 

Sum  mart 

When  an  R-L-C  circuit  is  in  resonance 

1  net  reactance  of  ihc  circuit  is  zero  /.*,  (XL  -  Xc}  =  0.  orX  =  0. 

2  circuit  impedance  is  minimum  i.e.  7  =  R.  Consequents1,  circuit  admittance  is  rnasimum. 

3.  circuit  current  is  maximum  and  is  given  by  7^=  ViT^  -  V!R 

4.  power  dissipated  is  maximum  it-  Pa  =  R=V*/R. 

5.  circuit  power  factor  angle  6  =  0,  Hence,  power  factor  cos  0=1. 

6.  although  VL  -  Vf  yet  V^,,  is  greater  ihan  Vf  because  of  its  resistance. 

7.  at  resonance,  w2UJ  =  \ 
St-  (?  =  ian0  =  tanO"  =0*. 

13.11.     t -i  .ijiln.  ,i!  l{i.'prt">LUt:iliiiii  nf  KeMiiiatiiY 

Suppose  an  alternating  voltage  of  constant  magnitude,  hut  of  varying  frequency  is  applied  Id  an 
R-L-C  circuit.  The  variations  of  rcsistacc,  inductive  reaeianee  X{  and  eapaeithe  reactance  Xf.  with 
frequency  are  ihown  in  Fig  13.45  (a). 

(0   Resistance  :  It  is  independent  nf /,  hence,  it  is  represented  by  a  straight  line. 

(if)  inductive  Reactance  :  It  is  given  by  Xt  =  tut  =  lis  JL.  As  seen.  XL  is  directly  proportionaJ 
to / Le.  XL  increases  linearly  with /.  Hence,  its  graph  is  a  straight  line  passsing  through  the  origin. 

(i'ij)  Capacitive  Reactance :  It  is  given  by  Xc  =  \foyC  =  l/2n fC.  Obviously,  it  is  inversely  propor- 
tional to /.  Its  graph  is  a  rectangular  hyperbola  which  Is  drawn  in  the  fourth  quadrant  because  .V,  is 
regarded  negative,  h  is  asymptotic  to  the  horizontal  axis  at  high  frequencies  and  to  the  vertical  axis 
at  low  frequencies. 

(iv)  Net  Reactance  :  It  is  given  by  X  =  X,  -  Xc  [is  graph  is  a  hyperbola  (not  rectangular)  and 
crosses  the  X-axis  ai  point  A  which  represents  resonant  frequency /„. 


At  low  frequencies  7  is  large  because  Xr  is  large.   Since  Xr  >  XL,  the  net  circuit  reactance 
X  is  capacitive  and  the  p.f.  is  leading  (Pig.  13.45  (b)\.    Al  high  frequencies,  Z  is  again  large 
H 


I 


Ft*.  13,45 


I  ..ilec  'il  i)n  d  J.S  CHcn  ift  Art  I  .o.  1  ' \>  .nut  1  •  I". 
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(because  X^  is  Large)  bul  Is  inductive  because  XL  >  Xf-.  Circuit  impedance  has  minimum  valuer  at /u 
give  by  Z  =  ft  because  X  =  0. 

fvj'l  Current  l0 :  It  is  trie  reciprocal  of  ihe  circuit  impedance.  When  Z  is  low,  /0  is  high  and  vice 
versa.  As  seen,  has  low  value  an  both  sides  of/ri  < because  Z  is  large  [be ret  but  has  maximum  value 
of  lrj  -  V/R  di  resonance  Hence,  maximum  power  is  dissipated  by  the  series  circuit  under  resonant 
conditions.  At  frequencies  below  and  above  resonance,  current  deceraxes  as  shown  in  Fig,  13.45 


f  Tnfiniiv 

(*).  Now.  /„  =  V/ft  and  /  =  V/Z=  V/  J{fl2  +  JTj.  Hence  I!IQ  -  R/Z  -  Vt^R2  +  X:)  where  X  is  the 
net  circuit  reactance  at  any  frequency  / 
ivii)  Power  Factor 

As  pointed  out  earlier,  X  is  capacitive  be  tow  fti.  Hence,  current  leads  the  applied  voltage.  How- 
ever, ul  frequencies  above  fv  X  is  inductive.  Hence,  the  currenl  lags  the  applied  voltage  as  shown  in 
Kg.  13.45.  The  power  factor  has  maximum  value  of  unity  al/y, 

13.12.     kisdnanrt1  <  urve 

The  curve,  between  circuit  curent  and  the  frequency 
ol  the  applied  voltage,  i>  known  as  resonance  curve.  The 
sh  apes  of  such  a  curve,  for  different  values  of  ft  are  shown 
in  Fig  I  3.4G-  For  smaller  values  of  ft,  the  resonance  curve 
is  sharply  peaked  and  such  a  cue  tut  is  said  !o  be  sharply 
resonant  cn  highly  selective.  However,  for  larger  values 
of  ft.  resonance  curve  is  flat  and  is  said  to  have  poor  se- 
lectivity. The  ability  of  a  resonant  circuit  to  discriminate 
between  one  particular  frequency  and  all  others  is  culled 
its  selectivity.  The  select! vilies  of  different  resonant  cir- 
cuits are  compared  in  terms  of  their  half-power  bandwidths 

(An.  13.13). 

Ull.  13.4ft 

1X13.    Half-Power  Hanrlividth  nf  a  Krsonnnt-Circuit 

A  discussed  earlier,  in  an  R-L-C  circuit,  the  maximum  current  at  resonance  is  solely  determined 
hy  circuit  resistance  R  (  X  =  0)  but  at  off-resonance  frequencies,  the  current  amplitude  depends  on 
Z  (  where  .V    0).  The  half- wave  bandwidth  of  a  cireuil  is  given  by  the  band  of  fcqucncics  which  lies 

between  two  points  on  either  side  of  f0  where  current  falls  to  ltJ*j2.    Narrower  the  bandwidth. 

higher  the  selectivity  of  the  circuit  and  vice  versa.  As  shown  in  Fig.  I 3.47  the  half-power  bandwidth 
AB  is  given  by 

AB  -     =/,  -/,  or  AS  =  id)  =  01,  —  01,  where/,  and/,  are  the  comer  orvdgc  frequencies. 

As  seen,  Plt  =      R.   However,  power  at  eilhcr  of  the  two  points  A  and  B  is 
ft(  =  F,  =  r> 

=  (/[/-s/2)2  ft  =  l^RJl  =  ]-  t^R  ~  ]-  x  power  at  resonance 

That  is  why  the  two  points  A  and  ft  on  the  resonance  curve  are  known  as  half-power  points* 
and  the  corresponding  value  of  the  bandwidth  is  called  half-power  bandwidth  B,  .  It  is  also  called  - 
ids*  bandwidth.  The  following  points  regarding  half-power  poinl  A  and  B  are  worth  noting.  Ai 
these  points. 

The  decibel  power  ropuuet  jt  itk-se  portus.  in  term*  uf  ihe  mwiniuin  pouci  .n  retntsmcc,  it 

iiHot;,,,^,  =  ioiugu,^=^-jnk*1(|i=-iok*1[(:=-3rfi» 

Hemic,  the  hn[f-p<>u-cT  points  are  jht>  nrlcrred  to  aji  -  )  Jb  pomm. 


Serifs  /i.C.  Circuits 
I.  current  is 

1.  impedance  is  v2.  R  or  -Jl.  Z0 
J.  P-P1-Pffl 

4.  (he  circuit  phase  angle  is  8  =  ±  45" 

5.  Q  =  tan    =  lan 45"  =  I 

6.  8lr  =  f2-f^fIJ/Qa  =  ffJi(Q0  =  mxL 
It  is  interesting  to  note  thai  Bhp  is  independent  of  the 

circuit  capacitance. 

1*14.    Bandwidth  U  at  tinv  Off-n^oiuinct'  Frequent*) 

][  is  found  that  the  bandwidth  of  a  given  R-L-C  circuit  al 
any  off-resonance  frequencies/,  and  /,  is  given  by 

B  =  /„  Q'Qo  =  JJJr, .  Q/Qo  =  /,  -  /, 

where/,  and  /-,  are  any  Basque  nc  to*  (run  iKicf.ssi.irik  ha  If- power  frequencies  I  below  and  above  /<>, 
{>  =  tangent  of  the  circuil  phase  angle  al  the  off-resonance  frequencies  /,  and/,. 


Qu  =  qua!ti>  I'iicior  al  resonance 

R       R  V  C- 

1.1.  IS.     DettnliinaliniL  of  I'pper  and  I.iiwlt  Half-power  Frequencies 

As  mentioned  earlier,  at  lower  bfttf-power  fftquencies.  CO,  <  C%  so  dial  u),  L  <  I  /to,  (.'  mid 
$=-45* 


I 


'  co,L  =  ft 


or 


I 


-0 


Pulling  ^-1  =  ~  and  uljj  -  -'—  in  the  above  equation,  we  get  to,'  +  ~  to,  -  tt]£  =  1> 


I 


The  positive  solution  of  the  above  equation  is.  ai  ={ii, 
Now  at  the  upper  half-power  frequency,  (Oj  >  (u,j  so  thai  (u,  >  l/to;C  and  $  =  +  45° 

The  positive  solution  of  the  above  equation  is  co,  =  tag 


4C^ 


1 


In  case  Qc  >  10:  then  the  lerm  1/4  Q'  is  negligible  as  compared  to  I . 


Hence,  in  thai  case 


ti>, 


i 


2Q, 


and  (OiS  %   I  + 


Incidentally,  it  may  be  noted  from  above  that  -  w,  =  C0,/(?[r 
U.  16.    Value's  of  Kd|"e  Frequent'ie*. 

Let  Us  find  the  values  of  ci),  and  at,.  /„  =  V/R,.M  resonance 

ll 

/  =  ■ 


 =-^-...^1  any  freqaeiiL-v 

|  ft"  +lul£-Lfa>0Jr 


A I  points  4  and  0,  /  = 


i  V 


V 
R 


|(/fn+(wt-VooOJf  or  ft-±(u)/,-l/aiC)  =  ±;C 
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It  shows  thai  at  half-power  points,  net  reactance  is  equal  to  the  resistance. 
(Since  insistence  equals  reactance,  p.f.  of  the  circuit  at  these  points  is  =        it,  0,707.  though 

leading  at  point  A  and  lagging  at  point  B), 

Hence    Z?2  =  (tni  -  l/OlC)3     ■■    cd=  ±  ^  ±  jAr  +  -J-  =  ±  a±  Jn3  *  ti*| 

21    Y4i*    £C  Y 


where      a  =  — -  and  mi,  -  , 

Since  FT/4L2  is  much  less  then  U<JLc  .:  tu  =  ±  —  ±  -J—  =  ±  R-±  to, 

2iL    Tie       2L  ^ 

Since  only  positive  values  of  oq,,  are  considered.  io  =  tn0±  A/2Z.  =  to,,  ±  a 


AM  =  <r>,  -<n,  =  f  rad/s  and  &f  -  A  -  / ,  =  Hz=^-Hz 
L  "  IltL  (J,, 


aiSo  /,  -  fu-4*ZK  f*=f»+^h:Hz 

It  is  obvious  thai  f0  is  the  tcnirt  frequency  between /,  and  fT 
Also,  oi,  =  t%  -yAoi  and  trtj        +  ~Aw 

As  slated  above,  bandwidth  is  a  measure  of  circuits  selectivity.  Narrower  the  bandwidth.  IuliIki 
the  selectivity  and  vice  versa. 

13.17.  Q-Fuclur  dl  u  Kt  Miiuint  Strii"*  Circuit 

The  (?-factor  of  an  R-L-C  series  circuit  can  be  defined  in  ll  w  following  different  ways. 
(D  it  is  given  by  the  voltage  magnification  produced  in  the  circuit  at  resonance . 
We  have  seen  that  at  resonance,  current  has  maximum/value  /0  -  V/R,  Voltage  across  cither  coil 
or  capacitor  -        or        supply  voltage  V  =  /0  R 

Voltage  magn.f.cation  =%J-^=  ^ve  power  =  ^  =  ^l=  ™™ 

V  t0R      active  power       R       R  resistance 

Qr  _  Yco_ reactive  power  _  Xjg  _  reactance  _  I  

V  tgR       active  power       R      resistance    OJ^  CR 

A    Q-  factor,  Qu  =  ^' A  = -2n  ^— =  tan  * 

R  R 

where  *  is  power  factor  of  the  coil 

(iVl  The  £)- factor  may  also  be  defined  as  under.  • 

„  _  _     maximum  stored  energy  .   .    .  - , 

Q-f actor  =  2n  —  .      _,  ,~in  the  circuit 

energy  dissipated  per  cycle 

In  other  words.  ft,  -  energy  stored'  .in  the  circuit 

enregy  lost 


Tlic-  author  nitcri  inkingh  telh  mrxdefltfc  m  hi*  cIli»  iti.ii  these  da>t  ihc  quality  (it  a  penmn  b  q|vo  measure 
m  term*  ol  a  quality  luttm  jium  b> 

mi  met  l,  unci  I 

a  ■   1  

■         iitniU'y  speiil 

i  >l«  inu*J>.  *  piTMifi  »btntld  try  tn  have  u  Inph  a  qnuliiv  linii'i  .11  {k'«iMc  b>  mimmiMiirJ  llur  dcntHmmilm 
tiitd/m  maMnu^u^  thr  numerator. 
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t  ill  t  We  have  seen  above  that  resonant  frequency,  fi}  = 
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In  ,JtLC) 


or  2i$n  = 


Substituting  this  value  ill  Eq.  ffl  above,  we  gel  the  Q-factor.  Qj  = 


I 


c 


(fvj  In  the  ta.se  of  scries  resonance,,  higher  ^-factor  means  not  unly  higher  voltage  magnifica- 
tion but  also  higher  selectivity  of  the  tuning  coil.  In  fact,  ^-factor  of  a  resonant  series  circuit  may  be 

%  _  %  _ /V- 
R 


written  as 


Qa  ■ 


kind  width 


.as  beftire 


R-JLC  > 

Obviously,  (P-factur  can  be  increased  by  having  a  coil  of  large  uidueLancc  bin  ot  small  ultimo 
resistance 

(v)  In  summary,  we  can  say  thai 

n       aS*Lr-     1     -  1  %-  lx to  -  -  /o 

13.18.  Circuit  Current  at  Frequencies  Other  Than  Resonant  Frequencies 
At  resonance.  /„  ■  V/R 

Ai  anv  mher  frequency  above  the  rcsunanl  frequency,  the  current  is  given  by  / 

V  _  V 

z  tJr2  +  U'iL  -  Vino2 

This  current  lags  behind  the  applied  voltage  by  a  certain  angle  $ 

x*=-  1  1 


1  + 


IS. 
1% 


tfl 


Now. 


tflj,  iyJV  =  Qa  and  {iVoj,,  =  flf^  hence.  jL  = , 


1 


1  +  0; 


,-,1/2 


I  J.  1 9.    Relation  Between  Resonant  Power  Pa  and  OfT»resonanl  Power  P 

In  a  series  RLC  resonant  circuit,  current  is  maximum 
i.e.  /„  at  the  resonant  frequency  fw  The  maximum  power 
Pn  is  dissipated  by  the  circuit  at  this  frequency  where  Xs 
equals  XL.  Hence,  circuit  impedance  Za=  R. 

.:    P0=  }£R  =  iVfRrxR  =  V  2fR 

At  any  other  frequency  either  above  or  below  fu  the 
power  is  (Fig.  1 3.481. 

tit 


p-  t-R-iV\:,R-VR-    V~*    -  VR 


2iR: 


1  -R 


V'R 


The  above  equation  shown  that  any  frequency  other 
tan  JL  the  circuit  power  P  is  reduced  by  a  factor  of 
( I  +  Q~\  where  Q  is  the  tangent  of  the  circuit  phase  angle 
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(and  nol  Qal  At  resonance,  circuit  phase  angle  9  =  0.  nnd  Q  =  urn  ft  =  0.  Hence,  P  =  Pa~  V*7ff 
(values  of  Q0  arc  given  in  Art  > 

Exam  pit'  13.54.  For  a  mitt  R±.C  ttrrutt  thf  mlnctor  ii  variable  Stwn  r  wtltogr  i\  2(A)  v'.1 

Km  Intent  Muutmiit)  current  nhtttuuihir  li\  vnrvinv,  ti\r  iintutiam  c  U  ii.il 4  A  iiiul  (he  voltage  ncmji 
f'ii-  ctipui'itur  thcii  r.v  JlJf)  V.  Find  tht  circuit  fitment  valiiri. 

(Circuit  and  FMd  Theury.  A.M. I.E.  Set  H. 
Solution.  Under  resonant  condition*.  lm  -  V/R  and  VL  -  Vc. 

ft  s  V/Ia  =  200/0.314  -  637  a^f„»  XCD -  C 
C  -  IJv^  Vc  =  0.3 14/100  n  x  300  =  3.33  pF. 
VL  =  /,B  *  X£  =  !a  i%     L  =  V,%  /,„  =  3O0/100  a  x  0.314=:  3jft3  H 

Lvumpk  13_55.  I  • hmtnx  mi  indiutan, «  .«/  W  «i//  ,W  i<-w«[m«ic  /(J  Ii  «  t  ;^j«p-l  /t-J  in 
tenet  with  u  ?3  \tf  ittfMtfit/tr  m  i<>±%  a  2<MJ  V  oi  mpph  Caliidatc  (jj  reumwue  fretfurm  v  »t  the 
ftrsutt  ihi  anient  flo\tint>  at  nmunntnee  awl  U  J  value  nj  QH  hx  uimv  different  data 

■  Fleet.  Eneji.  V.M.Ae.  S.I,  June  IWh 

Solution   (a)       /-  -   !==  =  j  1  =  143.3 

»*tC  2it^50xl0-ax25xl0-6 

(b)  /„  =  V/R  =  20&IO  =  20  A 

<■},/.    2irxl42.3x50xl0" 3  ... 

W       ft-  ^=  )0  

O,  =      1    =—  1  =447 

2nxl42Jx25xl0"*xl0 

^       ft  iC  lO^xiO"6 

F.MimpIc  1 3^5*i.    I  .'n-ij  n  unm  iv  iv^mtci'iiv/  rn  trrnw  tiv/J)  tjN  mduruir,  n  i\ifnu  nar  and  mi 
tunmriti  at  rom  a  25-V  variable  frvtfltUHJ  uipph.  WktH  the  frequettcv  is  <Hf(i  II:  nV  CWWW  i> 
ill  muMimtm  value  ft  0.5  A  <iW      potential  dtffrrmv  acroxs  the  capoiitur  t.»  /5f»  V  Cii/i  ulatc 

\tii  the  ciUKHttniue  oj  the  eufHtt'fa* 

i  />i  the  rc.M\tmu  v  atut  inductance  i*t  the  tnduewt 

jjllliltfajtt.  Since  current  is  maximum,  ihe  circuit  is  in  reso- 
nance. 

Xc=  Vcn-  150/0.5  =  3<X) 
{a]  Xf-  =  i/2n      or  300  ^  l^n  x  400  x  C 
.-.    C=  U25x  10"*f  =  L325pF 
(*}  Xt  =  Xc  =  300  Q  I  iu-  1 3.49 

i    2h  >c  400  x  i.  =  300    ■,  i^O.MVH 
(c)  Now.  at  resonance. 

circuit  resistance  =  circuit  impedance  m  20  +  ft  -  V/}  -  25/0.3         R  =  30 12  ...Fig.  1 3.49 

Euuiiplr  \yS1.  An  K-L-C  \rrie.\  liumt  uj»j.w'iTi  ^  j  u  uiiam.  i>j  WW)  it  a/i  mJiutunte  n/ 
hXi  niti  an  a  t  ttpai  itttm  e  ij/  Hi  p  ft  F.  It  u  voltage  of  lOii  V  is  applied  acnt.u  lite  cinnhmaiinn,  find 
in  the  i  riivtame  ftetjtirncv  id\  [l-lmttir  of  the  rtrruii  and  iirii  the  tiatj-pwuei  ptnnis 

(Elect.  Circuit  Analysis.  Bombay  Univ.  i¥H5» 
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v     ffVc   looo  VlO 

(ml  f.  =  /.-A-159X101  »  158.2  Uli 

■*7tL  4rtxl0~' 

/l  =  /o+^7=>59xlOJ+    ,000--  =  l59.«kH, 
«Ki  471X10"' 

I \aiupk<  I3.5S.    \  series  H-L  C  circuit  consists  oj  R  =  IQOO  U  i.  =  100  mH  and  C  =  tO 

S'uoUtrads   Ine  applied  voltage  across  the  circuit  is  It  HI  V. 

Ill  Find  the  resonant  frruuemy  of  the  circuit. 

irri  Find  the  qualm  factor  ii/  the  circuit  til  lite  resonant  frequency. 

iilii  At  wluU  ongitlat  frequencies  do  the  hulf  powei  points  <*,  cm  1 

Uvi  Calndate  the  tumdnidth  of  the  circuit 

LNetwnrks-I.  Ik-lhi  V  nh.  Jan.  I98d  &  I  .P.  Tech.  Univ.  21101 1 

KnluikJn,  {0        fn  =  —7=  =  ;  \  =  159,15  kite 

2n  ViC     2jt  JlOQ  x  IQ~ J  x  10  x  10" 11 

=  100 
,  =1591.5  H? 

2nL    2*  x  1 00*  10 

/„/(?„ =  1 5y.  J  5  kHtjm  =  1.5915  kHz  =  l»  L5Hi         ...as  above 


«0 

(«3 

Also. 

N,  - 

<»') 

Band  width  « 

=  %|  t--^j=2Txl59  t^f  i-^— L_  j-994.%9 radia/sec. 


2C. 


=  2rcx!59.l5 


1  + 


2x100 
1 

2*  i  iki 


-  H)ci4  «if><J  r..J/vL-L 


(Wj  -  0J, )  -  1004.969  -  994.969  =  1 0  00  rad/sec. 
h  Yarn  pie  13.59.  An  R-L-C  series  resonant  circuit  has  the  fnllmving  pannnetcr\ 
Resonance  frequent  v  -  >000/2ti  Hz:  impedance  at  resonance  =  56  Q  ami  Q-fwmr  =  25 
Calculate  thr  caput  ttanr  of  the  copai  itor  and  the  inductance  of  the  inductor 
Assuming  that  these  values,  are  independent  nf  the  frequency,  find  tin  two  frequencies  at  M'/lft/i 
the  i.inuit  impedam  »■  has  •!  phase  angle  oftt/4  radian 

Snliiiiiiii.  Hen:  at^  -  2rtfu  =  2x  x  500O/2rr  -  5000  rad/s 

Now,  or  25  =  ^~  or  L  =  0,2SH  ' 

Also  a!  resonance  %/.  =  l/%C  or  5000  «  0.28  =  1/5000  x  C    . ,    C  =  0143  uF 

The  circuit  impedance  has  a  phase  shift  tif  45"  and  the  iwti  half-pwiwcr  frcquencieii  which  can  be 
found  as  follows  ; 

bw  -  A  =  =  3UJ  Hi 

Q  25 

Therefore  lower  half-power  frequency  =  (/„  -  31. 8 J/2) »  5000/2*  -  15-9  =  779.8  Hat. 
Upper  half-power  frequency  =  (f0  +  31.83/2)  s  50OO/2rc  +  155  =  81 1.7  Ik. 

Kxaniplr  13.60.  An  R-L-C  series  circuit  h  connected  to  a  20- V  variable  frequenc\  supply 
IfR  =  20  11  L  -  20  mH  and  C  =  0.5  pF.  calculate  the  0MHmmg  . 

>iji  r,  \u>Hwi  /icipieni  v  (,,  \ln  re\<'tutt\t  <  \uuit  iju  uu/ig  IK  ratio  t\  )  Imlf-fuwei  bandwidth 
using  /(  and  Q.t  U/l  half-pawt't  httttdwidth  using  the  general  formula  fur  an\  bandwidth  \e\  half- 
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ttwift  lunula  iitth  nxirif;  ihr  qiu'n  nmyxmcnl  vtituti  \J  \  Minimum  fktwt'r  dissipated  at  L, 
Solution,  (a) 


/q  -  1  /  aW^C  =  1/ 2n  7(20x10"  3  x  0.5 x  10'*)= 


(6) 


fib -4 


20x10 


-i 


[0.5x10  " 

(<:■)  =  /r/Gn  =  1-W1/I0=  IS*.  I  ttt 

(i)  J?v  =/„  Q/0()  -  1 5y  J  *  tan  45710  =  J 59. 1  Hi 

It  is  so  because  the  power  Factor  angle  m  half-power  frequencies  is  ±  45°. 

(e)  Sv  =  ff/2it  L  =  imiz  *.  20  *  10"  3  =  159.1  Hz 

(/)  /<,  =  l^/R  «  20^/20  -  2(1  W 

Example  U.ftl.  .in  indmttir  htunt«  u  n-ustwu  r  "/  25  i'J  <W  m  £Jf,  nf"  W  rff  .J  tt"u>nttnt  fre- 

tfitriu  v  if}  If)  kit;  is  fed  jntm  a  ItX)  £  0"  rttppiy.  Catcidate 

f«)  Wur  -V  K'»i>i  i  .if)iu  fiance  require)  h-  )mitk.ue  resonance  with  the  coil 

ib)  the  inductance  of  the  cmt  lr)  &n         lHe       rutin  \d)  voltage  ttcrom  the  capacitor 

\e\  volatile  mrtms  the  lull. 


Solution,  (a) 

fj^fi  =  10  x  25  -  250  £1. 

Now, 

XU}  m  250  a. 

Hence. 

C 

1/2  it/n  x      =  1/2  n  x  10*  x  250  =  63.67  x 

I 

Xu/2nfn  =  250/2fi  x  10*  =  .1.9*1  mH 

fcS 

Go 

1  £ 

Now. 

t 

_^jo-_i=625xlo* 

C 

63 .67  x  10" 

. 

0* 

J-  x  J6.25  X 10*  =  10 1  verification  J 
25  * 

-/Quv  =  -J  100^0°  x  10  =  -;  1000V=- 

U  )  Since 

in  magnitude,  hence,      =  +  j  1000  V 

]  000  Z  90*V;  Also,  V^,  =  V  -  100  Z  0° 

Henet, 

=  100  +  1000  Z  90"  =  IU0  +  j  1000  =  111(15  Z  !WJ'' 
Example  13.62,  A  t0ffft  LC  itrcmt  hu*  L  =  Jt»  p#,  C  =  2500  uF  u/icf  0  =  70.  Find 
(«|  mniMMf  /hfcjWIWr)  lt,ib\  hidf-pimrr  poiiiti  und  it  i  bandwidth. 


Solulion.  (o) 


J 


10' 


2iTJZc  271^/100x2500 
/.,-/,  -  4/^/^2  =  318.3/70  =  J.??kH7 
i 


-  31N_1  kHz 


tcj  //2  =  /|)I*318.3';/)-/l=4.5SkHz 

Solving  for/,  and/r  we  get./,  -  JI04  lill?  :int|  , ,  =  .120.5^  kHz 

NfitE.  Since  p  is  very  higji.  there  would  be  negligible  error  in  assuming  that  the  half-power  points  arc 
equidistant  from  the  resonant  frequency 

Example  I3.<>3.  A  resistor  wul  it  i  njHit  tUir  uiv  wfinrtfed  rn  wrrfi  <jit7mj  a  150  V  tic  wppTP. 
Wfmn  tlir  fjtQUency  is  id  Ht.  rite  <  imW  itmmr  S  A  When  rlie  fretfitcircv  it  mvnaxed  U>  50  Hz.  it 
draws  0  A.  find  the  values  nj  n:\isUtwi'  ami  ctipaiiumux  Al\o  find  the  powvr  drawn  m  the  second 
case  |  Bombay  University,  1997] 
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S«feUioji.  Suffix  I  for  40  H?  and  2  for  50  Hz  will  be  given, 
Z,  ■  150/5  =  30  ohms,  at  40  Hz 


or  JT  +  JT^,  =900 

Similarly,  /T  +  ^  -  625.  at  50  Hz.  since  Z,  =  25  Q 

further,  capatilivc  reactance  is  inversely  proportional  to  the  frequency. 

X^IX^  -  50/40  or  Jfc,  =  1  .25  X„ 

^ci  ~  *cz  =  900  -  625  ~  275 

T'cj  (I  .25*  -  1 }  =  275  or  X2^  =  4BS.9.      =  22.1 1 

Xa  =  1.25  x  2211  =  27.64  ohms 

/T3^  900-*^  =  900  -  764  =  136.  Af  =  1 1 .662  ohms 

C  »  —  -  144  M 

2*x  40x27.64  H 

Power  drawn  in  the  second  case  =  6^  w  1 1.662  =  420  warm 

K\»mple  13.64^  A  n/ttMtitn  vnttaye  ut  a  frequency  of  I  \tHz  in  tipphed  !<•  an  tudncioi  tii  tmnri 
with  a  variable  i  apacitar  When  the  eapacitor  Is  wt  500  pf.  the  current  fen  'f»  maximum  i  alu. 
while  il  n  retimed  in  anc-haff  when  the  caiHicilanre  is  6(W  pt'  find 

1*1  thr  t  romance,  {til  tin  mdiunmce.  tiii)  the  Q-faetur  of  the  itidiutat 

|»nmba>  Lnlvcnit*.  IMfcj 

Solution.  Resonance  takes  palce  at  1  MHz,  for  C  -  500  pF, 


LC 


I  1  J0"1J 


<M    (2jtxloV  4ir 
L  =  10'  l2/{4  x  TC2  x  500  x  10" 1l)  -  1/(4  x  it*  x  500) 

-  50.72  mK 

Zj      Empedmce  with  500  pF  capacitor  =  R  +j  mL  —J  1/wC 

=  R*j(2px  106 x  50.72 x  10"  V/  =-J  p- 

2nxt06x50GxlO~13 

-  fl.  since  resonance  occurs. 

Z3  =  Impedance  with  600  pF  capacitor 

I Z  I,       R+  jtioL  -  j    rr  =  2  R,  since  current  is  halved. 

tax  600x10" 12 


to/.  -  1/tuC  =  S  R 

106 


SR   =  2irxl0*x  50.7x10"°  — -!  ^ 

2nx  10*  x  600x10 


=  318.52-265.4=53.12 
It  a  30,67  ohnis 
Q  Factor  of  coil  a  f%Ltf/Y 

=  50  72  x  10" 6  x  2n  x  10*730.67  =  50.72  x  2H/30.67  =  10J8 
Evuinpk  13.65.  .4  lurye  mil  of  inductance  l.4ftf  H  and  rrxixtancr  4fi  ohm*  i.\  x>'in<rtrnt  m 
xcrte\  wah  a  cafunilor  of  20  inicrnfiirtuh    Cutruiule  the  ftvqurmry  at  which  lite  cttcia}  'r  urnaio 

it  ii  voitase  of  fOO  V  at  the  cnrrenpfinding  frequent  y  ft  applied  io  the  rircuit.  rahntair  r/rr 
eurreni  drawn  Jnnn  the  Kupph  and  the  ir>luuie.\  acm<t»  the  cod  and acroxs  the  capacitor 

INagpur  Ltiivcrsilv  Nov.  [WJ] 


Sululiinj 


405x20x10 

188.65 


hltrclricat  Terltnvh^y 
=  1 88.65  radians/sec. 


2x 


-  30.04  H/ 


Reactance  ai  30.04  Hv  havu  i«  he  calculated  for  voltages  across  the  coil  and  the  capacilnr 
XL  =  fl^f,  =  l&g.6S  x  1,405  =  265  fl 

1   r 

Coil  impedance  - 


188.65  x  20x10" 


=  265  « 


-  ^402  +  2657  =  268  Q 
Impedance  of  the  imuJ  circuii 

=  40  +  j  265     265  =  40  n 

.  100 


Supply  Cumiet 


40 


-  2,5  amp,  Bl  unity  p.f. 


Voltage  across  the  coil  =  2,5  *  268  =  670  V 
Voltage  across  the  capacilnr  n  2J>  x  265  '  662-5  V 

The  phasor  diagram  is  drawn  below,  in  Fig.  13.50  (a)  for  the  circuit  in  Fig.  13.50  (f>) 
OB  =  V,  BC=VC 
AB  ^  Di, 


-Co\h 


I  =  2.5  amp 


Ret" 


L 


1. 5  amp 


V=  I  DO 


C+  V, 

Fig.  1330  [at  Ptusot  diagram  Fig.  13.50  th\  Sertei  fv'^Hiaimg  circuit 

Lvkimpli  13.66.  A  n-rfct  R  L  C  un  uii  i\  euired  mmt  a  caniinnt-wltage  vurwblc  tmjut'U  S 
Mjurir  The  t  urnm)  iti  the  ,  irtutt  ix-nm»-y  muutmu*  ul  u  frcc(Mtif\  oftJXH5n  Hz  uttJ  fulls  tn  huff 
ilw  muiimum  mlat  u;  -tfki/2n  H:   Iftht  mistime*'  m  the  circuit  is  <  Q.  find  f.  ami  (' 

iCntd.  LE.T.E.  Summer  1991 1 

SulutiHjii.  Current  at  resonance  j?,     -  V/R 
Actual  current  at  any  other  frequency  is  /  = 


hi*-*] 


[n  ■  y 

1  ■ 

I 


Now 


£ind 


ta  _  / 


hence  ~  = 
'o 


A1 

U 
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In  the  present  care,  /„  -  6MV2n  Hi,/=  400/2 Jt  Hz  and  l/lt,  =  Ml 

 1  i 


■  ■ 

2 

or 

1 

4 

Now. 

Q  = 

Also 

Q  = 

i 

I  +  25  Q2/3fi 


U2 


I 


or  2.08  = 


Q  =  2.08 
I 


600  x  3xC 
6001  =  600/. 
ft  3 


C=267xI0"*F-2f,7  ml 
£=ll),4  mH 


livauiplt-  IJ.*7.  /hiciin  l>ntf[\  tin-  ptirutwrtuin  t>f  electrical  ivstmanre  in  umplt'  H-L-C  ctnutts. 

■\  nut  of  imtuciunct  I-  ami  re.si.KMnr?  K  in  wries  wtthu  rupm  iinr  is  uipplieJat  etmxtnnt  vallate 
front  a  \uriiiI>!i'-tri'tpir»CY  attune,  t'ufl  th,  e,  wmuu  t  jrtyuency  %  and  find,  hi  terms  "I  L.  H  and 
(%  Mm  values  of  that  frequence  at  which  the  en  c nit  current  would  be  ludfas  much  Of  at  resonance 

i  liask-  Electricity.  Bombay  Lnlv.  MB) 

Sduiiim.  For  discussion  of  resonance,  please  refer  to  Art.  13.10. 

Tilt  current  at  resonance  is  inaximum  and  is  given  by  tQ  =  V/R.  Current  at  any  other  frequency  is 

V 


I  = 


\R2  *imL-\/fi)CylfI 
I** 


0T 


N  - 


1  + 


R2{       <aC  j 


Now 


1 

R  t^O? 

Substituting  this  value  in  the  above  equation,  we  get 

if      /  V 

L  A 
7o  / 


Q 
R 


fit 


I  + 


V2 


or 


Frequency  — 
Fig.  13,51 


0  /o     #     /i  /] 

where/2  >  /0  and  /,  </0are  the  two  frequencies  at  which  the  current  has  rail  en  to  i/N  of  the  resoitam 
value. 


*  and  ';'-->  =  • 
0         f,    fa  Q 


In  the  present  case.  N  =  2  (Fig,  1 3.50}    ,\  -1- 

fa  h 

From  these  equations,/,  and  f2  may  be  calculated, 

Examplr  13.68.  -1  mil  of  auiuctanct  V  H  and  resistance  50  il  in  series  \etth  a  Ciljmtfwr  it 
sujiplied  at  i  ou.KUui!  votJiinr  [torn  a  vtiriubte  jreauem  i  source.  If  die  musitntun  i  itrrrnt  of}  A  i>n  u>; 
at  75  Hz  foul  die  frequency  when  the  current  is  0,5  A. 

(Principles  of  Flee*.  Fngg.  Delhi  Univ.  I«>S?i 
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Solution.  Here,  AT  =  y/  =  IfU.5  =2,Q  =  w^VR  =  2*  x  75  it  9/50  =  84.8 
Let/t  and  ^  be  the  frequencies  at  which  currem  falls  to  half  its  maximum  value  at  resonance 
frequency.  Then,  as  seen  from  above. 


or 


Also 


(752  -f?)mi\   -  0.02  or  /,2  +  1-5  /t  -  5625  =  0  or  /,  -74.25  Hi 


f": 
75 


75 

h 


A. 

84.4 


or  jfj  -L5/2- 5*25-0  or  /3  -  7?.??  Hi. 


i'xumple  13,69.  h'tiitu  the  Juui  given  in  fc'i  /.f.4.<  /W  the  following  when  the  power  ffcdjfH  M 
J  IV  i«j  either  .tide  of '  tin  minimum  petiet  til  tvsontuu.v. 

(a)  i  Irani  tjihi  circuit  phase  angle         4-W  hnnJ»  tilth  H 

id)  lower  jretjemv  (\  h-\  upper  irequenus  A- 

ij)    restmutit  •    '•■■r/H(,«i,i  using  the  vutue  tif  f i  and  f3. 


SolutlOIL  (fl) 

to 


tan  (±  fl>  =  2j  ±Wton" 1  2  =  ±  63.4 
„        /0Q_  1591x2 


G-  1  " ^(20/4)  - 1  =2 


=  318.2  Hz 


(A 

09 


/,  = /0 -Bra  =  1591 -f318.2/2l  =  1431  9  H2 
f2  =  /„  +  0/3  =  1591  +  (318.2/2)  =  1750.1  Hz 


/„  =  =  ^1431.9x1750.2  =  1 Hz, 

It  shows  that  regardless  of  the  bandwidth  magnitude,  flt  is  always  the  geometric  mean  Ofjfj  aad/2. 
F.mimplv  13.70.  A  cunstojii  r.m.t  source  i<f  vunhule  frunuencv  itt  ctMutecird  A 1  u  writ-i  /f./^C 

cfenrfi  I*/ rvg.  13-5/ 

[•)  S/wtwi  /«  MWtre  of  the  jn  otuiwy  -  V„  grapli 

Culeulute  the  jhlluwing  ii\  frequency  at  which  maximum  pawet  is  mnsunieJ  in  itu  J  fi 
re  si  mi  ir 

ins  Q-fiu:tor  of  the  circuit  at  iht>  uhovc  f'rqiicncY  toil  frettucttrws  rtf  whu  h  tin  pi  nee r  ionsttmet.1 
trt  2  il  resistor  is  one-tertlh  ol  if.i  nnnimunt  value. 

(Nttwork  Analysis  A.M. UK  Set.  B.VV.  \ft$H 

FWntifla  (a)  The  graph  of  angular  frequency  m  versus  voltage  drop  f  V 
across  i.c .  V„  is  shown  in  Fig.  13-52,  It  is  seen  that  as  frequency  of  the 
applied  voltage  increases.  VR  increases  till  it  reaches  its  maximum  value 
when  the  given  RLC  circuit  becomes  purely  reactive  i.e.  when  XL  *  Xc 
(Art.  13.10).  (hi  (/)  maximum  power  will  be  consumed  in  me  2  Q  resistor 
when  maximum  current  flows  in  the  circuit  under  resonant  condition. 

For  resonance  ta^L  -  l/tn^.  or 

*%=  l/>/Zc  =  l/^40xl0~ftxl60xl0~'!  =  l09/8tjrad/s 
'.   fn  -  o^/2n  -  109/2ji  x  80  =  1 JM  IXBm 
%i  !0*x40xi0~4 

W  ^  factor.  %  =  -y-  8^2—  =  Fjg.  ,  3.52 

fiii)  Maximum  curreni  L  -  V/R  fArt   13,101.   CurTenl  at  any  other 
ir 

frequency  is  I 


+  (tail  -  1/ojT)- 


»  u2 
Power  at  any  frequency      —  R 
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V2 

,Jr7  +  (caL  -  1/(0C)J 

Maximum  power  /rj  ft  =  I   -  \  .  R 


Hence,  the  frequencies  at  which  power  consume  would  be  one-tenth  of  the  maximum  power 
will  be  given  by  the  relation. 


or  cross  multiplying,  wc  gel  FT  +  (uiL  -  VtoCT  -  10/T  or  (toi  -  I /to)     -  9  /T 

(m/,  -  1/ujC)  =±  .3  ft  and  m,Z.  -  C=$R 
and  (jJj  L  —  Ito,  C  =  -3  If 
Adding  the  above  two  equations,  we  gel 


=  6ff  (fin,  -  to,)  + 


LC 


<at^)L--  j= 0  or        =  —  -  as 

1  (  I      |  1 

Subtracting  the  same  two  equations,  we  have  i  {(0,  -     J  —  —  

SubstiLuLing  the  value  of  [ILC  =      =  fj),tu,,  wc  gel 

(ax-tOjj  +  oo,©,  -0*1  _a^.|=^  or  (a>,  -  ojj)  -  Aa>=  *~ 

Au>  1.5ft  1.5ft 

Now,  ul,  =  <%  +  =-  =  %  +         «»d  ^=«%  p 

Z  L  L 

,*./J-/„+  |.5«/2itf,=  1.989x  10*  +  J J5x  2231x40  x  10"*  -1,989  x  irf"  +  0.01 19*  iff  =  2MHk 
fy  =/„  -  l.S  ft/2nl  =  1 .989  x  10&  -  0,0 1 19  x  ID6  =  1.977  MHit 

Kvampltr  13.71.  S'/ifm  thai  in  H-i -(  ,  m  mi  the  rewnaut  frequency  (ft,,  i«  the  ^emnetru  mrnH 
of  the  lower  and  upper  hatf-puwer  frequencies  to,  and  oi,  re%jttrtivrh. 

Solution.  As  stated  earlier,  at  lower  half-power  radiant  frequency  <»,;  Xc  >  X,  and  ai  frequen- 
cies higher  than  half-power  frequencies  X,  >  Xr.  However,  the  difference  between  the  two  equals  R, 

at  to,,  Xc  -  XL  =  f?  or  l/rj),C  - 0>,£.  •  ft  -U) 
At  (fl>,  JTt  -  X c  =  ft  or  tiijL  -  1/oij  C  -  ft 
Multiplying  both  sides  of  Eq.  (f)  by  C  and  substituting  fs^)  =  \  -JLC,  we  get 

I       Ul,      UJ,        |  ]         |       (ft  +  HJ,  j  

—  -  ~r  *  -r  -  —  or  —  ~  — ,  ~  or  to,  -  =  Juiifli, 
^    t^    tr^    <o?       co,    u,  ^ 

1'Aiimpli-  13.72.  i""  >-i       /"  ij  trTfj*  ft-/_-C  ri/rw/.  (i,  =  it),//ft  -  ff/bttiuiwidth  =  1,/HW 
Solution.  As  has  been  proved  in  Art.  14.13.  al  half  power  frequencies,  net  reactance  cquak 
resistance.  Moreover,  at  u),.  caparitive  reactance  exceeds  inductive  reactance  whereas  at  id,,  induc- 
tive reactance  exceeds  capacitive  reactance.   

^-2*/^ftor  /,=  *   

,    ,  ,        I  ,     R  +  JR2  +  4UC 

Also  or  A-  — 

Now .  AH/  =  /j-/^  ft/2ni.  Hence,  <?0  =/JBW  =  2xf\JJR  =  v>JJR. 
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Tutorial  Pri>hh?m  Nil.  I3.-I 

1.  An  ac  series  circuit  has  a  resistance  of  10  £1  an  inductance  of  0,2  H  and  a  capacitance  of  GO  pF, 
Calculate 

la)  the  resonant  frequency         the  current  and    ft)  the  power  at  resonance. 

Give  thai  the  apphed  voltage  is  200  V.  |4ft  Hz:  20  A:  4  kW\ 

2.  A  circuit  consists  of  an  inductor  which  has  a  resistance  of  10  £1  and  an  inductance  of  0.3  H.  in  scries 
with  a  capacitor  of  30  yF  capacitance.  Calculate 

{a)  the  impedance  of  the  circuit  to  currents  of  40  Hz  {it)  the  resonant  frequency  (ci  (he  peak 
value  of  stored  energy  in  joules  when  the  applied  vsltage  is  200  V  at  the  resonant  frequency. 

|SKJI  12.  53  Hz:  I2fl  J| 

i.  A  resistor  and  a  capciior  are  connected  in  series  with  a  variable  inductor.  When  the  circuit  is  con- 
nected to  a  240- V.  50- Hz  supply,  (he  maximum  current  given  by  varying  the  inductance  is  0.5  A,  At 
this  current,  the  voltage  across  ihe  capacitor  is  251!  V.  Calculate  the  values  of 
(art  the  rsistance  (b)  the  capacitance  !c)  the  inductance,  |4Kif  U,  fcjf  uJ ■  ,■  UM  H  ] 

Neglect  the  resistance  of  the  inductor 

4.  A  circuit  consisting  of  a  coil  of  rcsisiance  I2i"2  and  inductance  0.15  H  in  scries  wiih  a  capacitor  of 
1 2uF  is  connected  to  a  variable  frequency  supply  which  has  a  constant  voltage  of  24  V 
Calculate  itt'i  the  resonant  frequency  ib)  the  current  in  ine  circuit  at  resonance  (r)  the  voliagc  across 
[he  capacitor  and  the  coil  at  resonance.  1 1  el  153  Hz  (A)  I  A  <£\  224  ^  | 

5.  A  resistance,  a  capacitor  and  a  variable  inductance  tsrc  connected  in  series  across  a  200- V.  50-Hi 
supply  The  maximum  current  which  can  be  obtained  by  varying  the  inductance  is  3 14  mA  and  ihe 
voltage  across  ihe  capacitor  is  then  300  V.  Calculate  ihe  capacitance  of  the  capacitor  anil  1hc  value* 
of  the  inductance  and  resistance.  |3JJ  uJr',  3,04  H,  &i  £53  (I.E.E  Umdtm) 

(t.  A  250- V  circuit,  consisting  of  a  resistor,  an  inductor  and  a  capacitor  in  series,  resonates  at  50  Hz.  The 
current  is  then  I A  and  the  p.d.  across  the  capacitor  is  500  V.  Calculate  (0  the  resistance  (if)  die 
inductance  and  (/if)  the  capacitance.  Draw  the  vector  diagram  for  ibis  condition  and  sketch  a  graph 
showing  how  the  current  would  vary  in  a  circuit  of  this  kind  if  the  frequency  were  varied  over  a  wide 
range,  the  applied  voltags  remaining  constant 

[in  251)  £1  [in  0,7'IH  H  tiii'p  12-72  u  F](Ci(y  &  Guiids,  Lotidon) 

1.  A  resistance  of  24  £1,  a  capacitance  of  1 50  pF  and  an  inductance  of  0. 16  H  are  connected  in  series 
with  each  other.  A  supply  ai  240  V.  50  Wt  \*  applied  to  the  ends  of  the  combination.  Calculate  <til  the 
current  in  ihe  circuit  ib)  the  potential  differences  acmss  each  element  of  the  circuit  tr)  the  frequency 
to  which  the  supply  would  need  to  be  changed  so  that  ihe  current  would  be  a!  unity  power-factor  and 
find  die  current  at  this  frequency. 

|1a  t        A  ifc t  VH  =  152.9  V.  Vc  -  320  \\  V  r  =  123.3  V  (<  >  32  Uk  10  A 1  (London  Umv.) 

ft.  A  series  circuit  consists  of  a  resistance  of  10  £1  an  inductance  of  S  niH  and  a  capacitance  of  500  ppF- 
A  sinusoidal  E.M.F.  of  constant  amplitude  5  V  is  introduced  into  ihe  circuit  and  its  frequency  varied 
over  a  range  including  the  resonant  frequency. 

At  what  frequencies  wilt  be  current  be  (a)  a  maximum  (b)  one-hair  ihe-niaximum  ? 

I ■  jj i  79-h  kff*  tl>)  7<).K72  kHz,  71.52N  kHz. HAl'P-  Eiect.  London  Univ.) 
V,  A  circuit  c<  insists  of  a  resistance  of  1 2  ohms,  a  capac  itanceof320uFandaninductanceofO.OSH.all 
in  series,  A  supply  of  240  V.  50  Hz  is  applied  to  the  ends  of  the  curcuit.  Calculate  : 
(a)  the  eumcnt  in  the  coil, 

ib'i  ihe  potential  differences  across  each  element  of  the  circuit. 

(c)  die  frequency  at  which  the  current  would  have  unity  power-factor. 

|4*)  12.4  \  iVn  mm  \  ,  311  V  u-i  32  Hf\(Umdon  Univ.) 
III.  A  sencs  circuit  consists  of  a  reactor  of  0.1  henry  inductance  and  5  ohms  resistance  and  a  capacitor  of 
25.5  p  F  capacitance. 

Find  the  resonance  frequency  and  the  precenlage  change  in  the  current  for  a  divergence  of  1  percent 
from  the  resonance  frequency. 

|  fiKt  Wt.  \M%  ,u  <W  fj«  4.2 *  at  Jul  llz|  (City  and  Guilds,  ijmdtjn) 


Scnrv  t.t    (  irrmrt 
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OBJKCnVl!:  TESTS  -13 


1-  In  a  series  ft-L  circuit,  VL — VM  bj — degree*, 
(uj  lags.  45  ib)  lag*.  90 

(i'l  leads,  °0  leads,  45 

2.  The  voltage  applied  across  jb  R-l.  circuii  is 
equal  to — of  VM  and  VL. 
ia}  arithmetic  sum  lb)  algebraic  sum 
(c)   phttNor  sum      (if)  sum  of  the  squares. 

3-  The  power  in  an  itc  circuit  is  given  by 
(a)   Wcos*  <l»  V7  sin  » 

(r)  i*z 

4-  The  p.f.  of  an  R-C  circuit  is 
ia)  often  iero 

ibi  between  /era  and  I 

It  )   always  unity 

(f/i  between  rem  and  -  1 ,0 

5.  Which  phasor  diagram  of  Pig  13.53  is  cor- 
rer.|  for  a  series  ff-C  circuit  ? 


I 


to/        ft        (e)  m 
ng.  13.53 

f>.  In  an  K -£-C  d ruiif ,  vi  I)  =t  20  sin  (3 1  At  +  5n/ 
6 )  and  i  10  —  10  sin  (314/ +  2ji/3).  The  p.f.  of 
the  circuit  ts 

M  0  5  lead  (M  0.R66  lag 

(c)  0.866  lead       (tfi  0.5  lag 
and  power  drawn  is  — walL 
lr)   300  tj)  86  6 

(*)   173.2  f./i|  50 

7.  The  input  of  in  ax,  circuit  having  p.f.  ofO.B 
lagging  is  20kVA_  The  power  drawn  by  the 
circuit  is — kW 

(ol   12  (6)  20 

(c>    16  (el  3 

8.  The  power  factor  of  on  a.c ,  circuit  ts  given 
by 

la)   cosine  of  the  phase  angle 
ib)  tangent  of  the  phase  angle 
(c)   the  ratio  ft'-' V 
id)  the  ratio  XtIZ 
t.  in  a  series  R-L-C  circuit,  ft  -  100  Q»  XL  = 
300  Q  and  Ac  =  3fW  a  The  phase  angle  $of 
the  circuit  ts — degrees 

la)  0  if?  I  90 

lr)  45  id)  -45 

in.  Trie  pha.se  angle  of  a  scries  ft-L'C  circuit  is 
leading  if 


(.0  XL  =  0  ib)  R  =  0 

Id  Xc>Xt  id)  <XL 

.     In  an  a.c  cirruil,  the  ranftof  kWA.  VA  Teptt^eJiLs 
(a)  power  factor 
ib)  load  factor 
(r)    Form  factor 
U/1  divtrtiity  factor 
1 2-  If  p.f.  of  a  circuit  is  unify,  its  reactive  power  is 
(a)  a  maximum 
ib)  equal  to  fR 
(c)  zero 

(<f)  a  negative  quantity 

13.  In  u  series  R-L-C  circuit,  resonance  occurs 
when 

(a)  R*XL-XC 

ib)  xL-xc 

ic)  Xf  =  10  Jfr  or  more 

id)  nttX>R 

14.  The  p.f.  of  ■  series  R-L-C  circuii  at  its  half 

power  pi  ■, 

(a)  uofly  ib)  lagging 

(t)   leading  id)  either  l/i|  or  (rl 

15.  A  resonance  curve  for  a  series  circuit  is  a  plot 
of  frequency  vorat — , 

(ft)   voltage  ib)  impedance 

lr]   current  id)  reactance 

In.   Ai  half-power  points  of  a  resonance  curve. 

the  current  b. — tunes  the  maximum  current 

«i)  2  ib)  ^2 

(0    lV2  1/2 
n.  Higher  the  Q  of  a  scries  circuit. 

ia)   greaicr  11s  bandwidth 

(AI   sharper  its  resonance 

(c)   broader  its  resohace  curve 

id)   narrower  its  passband 
's    As  the  (i-fjctor  of  a  circus — .  its  selectivity 

becomes  — 

ia)  increases,  hener 

ib)  increases,  worse 

ic)  decreases,  better 
i.di  decreases,  narrower 

I'.  An  R-L-C  rircuil  has  a  resonance  frequency 
of  160  kHz  and  a  G-facior  of  100.  Its  band- 
width  is 
(a)  t.6kHz 
ib)  0.625  kHz 
id   16  kHz 

id)  none  of  The  above 


fJectricui  t'echnntogy 


A  An  k-L-C  circuit  has  *  =  10  Q,  X,  =  20  Si  I 

and  A'f  -  20  Q.  The  impedance  of  the  circuit 

Ii  given  bv  the  expression 

Uf)  Z=  K3+/20   (b)  Z=lD+;5tl 

tc>  Z=lGj20      t(/)  Z=- I0  +  /20 
1 1    The  power  factor  of  an  a_c.  circuit  is  equal  to 

ia)  consine  of  the  phase  angle 

\b)  sine  of  (be  phase  angle 

Jo)    unity  for  a  resi stive  circuit 

(</)  uniiy  for  a  reactive  circuit 

(Network  Theory  Nagpur  Univ.  1993) 
2JL  The  power  factor  of  an  ordinary  electric  bulb 

(a)  zero  [b)  unity 

(c)  slightly  more  than  zero 
left  Slightly  less  than  uniiy 

(Principle*  of  Etect.  Engg.  Delhi  Univ. 

July  I9&?) 

\n  ,i  fi-L  circuit  if  lK  is  the.  current  in 

the  resistor  and  lL  is  the  current  in  the 
macular,  then 
[*)  i„  lags  iL  by  90" 
(fc)  i,,  teads  1L  by  270° 
(c)  1L  leads  /s  by  27CT 
tfl  f4  lags/,  by  <*r 
(Principles  of  Elaet.  Ettgg.  Delhi  Univ.  }984) 
2-4.  In  a  parallel  tesonani  circuit  there  in  practi- 
cally to  Cftfference  between  (he  condition  for 


unity  power  factor  anil  the  condition  for  maxi- 
mum  impedance  so  long  as  Q  is 
Ut)  very  small  of  (be  order  of  5 
ib)  small  of  the  order  of  20 

(e)  large  of  ihe  order  of  1 000 
{Principles  of  Elect.  Engg.  Delhi  Unix;  J 988] 

:  5    A  series  M-L-C  circuit  will  have  unity  power 
factor  if  operated  at  a  frequency  of 
<<i)  ULC 

(f)  10--US 

(d)  [tin  -Jix: 

{Principles  of  Elect.  Engg-  Delhi  Univ. 

July  1984) 

Hi.  A  two  terminal  bkcfc  bo*  contains  one  of  the 
R-L-C  elements.  The  Mac*  bos  is  connected 
to  a  220  volts  A.C,  supply.  'Hie  current 
through  the  source  is  I.  When  a  capacitance 
of  0.1  F  is  inserted  m  series  between  the 
source  and  the  bos  the  current  through  the 
source  is  21.  The  element  is 
{a)  u  resistance 
O)  an  inductance 

(e)  a  capacitance 

{d)  il  is  not  possihie  to  determine  the  ele- 
ment 

{Network  Theory  Nagpur  Univ.  1993) 


p  ot  pm  z  i-Z  P  IT  Hit  B  "U  0  »l  B  f,1  °  Hi  P  'Ll  JtM 
S»"g|  PTI  ft"!         "II  *H  J  *        »r£;/%*l  Ts  *? "t-  »?  *»T  J  I 
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PARALLEL  A.C.  CIRCUITS 


14.1.  Solving  Parallel  Circuits 

When  impedances  are  joined  in  parallel,  then:  arc  three  methods  available  to  sovle  such  circuits: 
in)  Vector  or  plmsor  Method  lb)  Admittance  Metfiod  and  tc)  Vector  Algebra 

H  I.  Vector  or  Phasur  Method 

Consider  the  circuits  .shown  in  Fig.  14.1.  Here,  two  reactors  -l  and  H  have  been  joined  in  parallel 
across  mi  r.tn.s.  supply  of  V  volt*.  The  voltage  across  two  parallel  branches  A  antl  B  is  the  same,  but 
currents  through  them  are  different. 


Fig.  14.1  Hu,  N.2 

bur  branch  .1.  2,  -  Jilif  +  X2Ll  i  i\  =  V/Zt  ;  cos  0,  -  fl/Z,  or  o,  =  cos"1  (/c^Z,) 
Csirrcnt  /,  lags  behind  the  applied  voltage  by  0t  (Fig.  14.2). 

Knr  Hranch  H.  2,  =  ^(/f*  +  X*)  ;  /2  =  WZ,  ;  cos  ^  -  rtj/Zj  or  4^  m  cos"1  (ft/Z,! 

Current  /,  leads  V  by  *,  (Pig.  14.2). 
Resultant  Current  I 

The  resultant  circuit  current  /  is  die  vector  sura  of  the  branch  currents  /,  and  /,  and  can  be  found 
by  (i)  using  parallelogram  law  of  vectors,  as  shown  in  Fig.  14.2.  or  (if)  resolving  /3  into  their  K-  and 
)'  components  (or  aclive  and  reactive  components  respectively]  and  then  by  combining  these  com- 
ponents, as  shown  in  Fig.  14.3.  Method  lii")  is  preferable,  as  it  is  tjuick  and  convenient. 

With  reference  to  Fig.  14.3.  ta}  we  have 

Sum  of  the  active  components  of  /,  and  I2 

-  /,  cos  t>.  +  l2  COS 

Sum  of  the  reactive  components  of  r,  and  /2  =  /,  sin  i>?  -  /,  sin  <t> , 
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Llttfrital  Tvchuotugy 


If  /  is  the  resultant  currcnl  and  $  its  phase,  ihcn  its  active  and  reactive  components  must  be  equal 
in  ihesc  X'-and  r'-compuivenl!.  respectively  (Fig.  14.3.  (if)] 


tksin  . 

1 

©~ 

/  cos         cos  ^|  *  f2  cos  ^  and  /  sin  $  =  /j  sin     -  /,  sin  $( 


and 


/  =  ,J[(It  cos  4>t  +  /2  cos  ^J2  4-  {it  sin  ^  -  /,  sin  <fr,)2 

^  ^  _    /2  sin  4>,  -  /,  sin  <j>i  _  Y  -  component 
/,  cos    +  i2  cos  0j     X  -  eomonefit 


If  tan  ip  is  posiiive.  then  current  leads  and  if  tan  $  is  negative,  then  current  lags  behind  the 
applied  voltage  V.  Power  factor  for  the  whole  circuit  is  given  by 


LOS  0 


lt  cos    +  /j  cos  $2  _  X  -  camp, 
1  ~  / 

I4J.  r\dmilUincc  Method 

Adimllanee  of  a  circuit  is  defined  as  the  reciprocal  of  its  impedance.  Its  symbol  is  Y. 


Y  =  1  =  1 
Z  V 

Its  unit  is  Siemens  (S).  A  circuit  hav- 
ing an  impedance  of  one  ohm  has  an  ad- 
mittance of  one  Siemens.  The  old  unit  was 
mho  (ohm  spelled  backwards'!. 

As  the  impedance  Z  of  a  circuil  has 
two  components  X  and  R  (Fig.  1 4.4  J,  simi- 
larly, admittance  Y  also  has  two  compo- 
nents as  shown  in  Rg.  14,5.  The  X -com- 
ponent is  known  as  amductunce  and  Y- 
componeni  as  xuscepiuitce. 

Obviously,  conductance  g  ™  Y  cos  $ 


or  Y  = 


r.m.s,  amperes 
rm.s.  volts 


Mr.  14.4 


Fig. 


or  j(=^|  (from  Fig.  144) 


A 

z1 


In  nic  .pitiiJ  ctuc  when  \  =  H,  then  if  -       '«"•■  conflui'ianee  becomes  nftiprnCHl  ol  cr»Hnnee.  nai 


Parallel  A.C\  Circuits 
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Similarly,  suNceptaiice  b-Y  sin  <j>  = 


1  & 

r  2 


b*  =  X/Z2  -  Xttl?  +  X2)      (from  Fig.  14.5) 


The  admittance 


The  unit  of  g,  b  and  F  is  Siemens.  We  will  regard  the  capaciiive  susceptance  as  pitsttive  and 
inductive  sttsceptanre  as  negative. 

1-1.4.  Application  nf  Admit Iuiut  Ylilliod 

g         b  Consider  the  3-branched  circuit  of  Fig.  (4.6,  Total  con- 

ductance is  found  by  merely  adding  the  condtitances  of 
three  brunches.  Similarly,  tolal  susceptance  is  found  hy 
algebraically  adding  the  individual  sttsceptatiees  of  dif- 
ferent branches. 

Total  conductance  G  -  g[  +  y,  +■   .... 

Total  susceptance  B  -  {—  hf}  +  (-  b2)  +  &3  

(algebraic  sum  J 


f  ig.  14.0 


14.5.  Complex  or  I'hasnr  AlRcbni 


.■.    Total  admittance  Y  =  a*(G2  +  B1) 

Total  current  /  =  VY Power  factor  cos  4>  =  G/Y 


Consider  the  parallel  circuit  shown  in  Fig.  14.7.  The  two  impedances.  2,  and  Z,.  being  in 
parallel,  have  the  same  p.d.  across  them. 


r— Wlfi?i~~  THTfl  1 


— *\AW-*^ — TRRTi — 


ft  I 

i — AVW- 


V 

Fir.  14.7 


-•UDO"1 — i 


I — AWL 


Hl- 


Klg.  I -Mi 


Now 


z, 


and  I,  = 


Total  current 


_v +_v -v(i~ 


=  V  (V,  +  Yj>  ■  VY 


where 


Y  =  total  admittance  =  Y,  +  Y, 


It  should  be  noted  that  admittances  are  added  for  parallel  branches,  whereas  lor  bram-i>c>  in 
series,  it  is  the  impedances  which  arc  added  However.  It  to  itttpotUBH  to  remember  that  since  both 
admittances  ami  impedances  are  complex  (fitantitiex,  all  additions  must  be  in  complex  form.  Simple 
arithmetic  additions  must  not  be  attempted. 

Considering  the  two  parallel  branches  of  Fig.  14.8,  we  have 


Simllnriv  in  the  »pctml  i-iuc  when  R  m  %  6  -  HX  i.c ,  nisecpuwcv  becorfto  reciprocal  of  rraitaih.  nm 
•.'IbervMic. 


lilertricul  Tvctmaiagy 


Y    ~  -L- 


l_ 


where 


ft'  +  Jff     i?f  +  x\ 

conductance  of  upper  branch, 
-  suscL-plaiiL-t  <rt  upper  branch 


=  8,-#, 


b,  = 


Similarly.  Y, 


Total  admittance 


!  i 


*i  -  JXC 
+  ;Xr 


Ri  +  Jxc  * 


+  J 


Xe 


T  =  *2  +  #i 


Y 


Y,  +  Yz  =  (£l         -Kg,  +  jb2)  =     +  j2>  - ;  (6j  -  f>,)  =  G  -jB 

ii-l 


Jit*, k I2)  :*  =  tafi 
The  polar  form  for  admittance  is  Y  =  Y  Z     whore  $  is  as  given  above 

Y  -         +  0'  Z  tan"1  (fl/G) 
Total  current         I  «  VY  ;  1,  =  VY,  and  [j  =  VYj 
If    V  =  V  ZO*  and  Y s=  FZ  0  Hum  t  =  VY  =  V  ZO"x  r  Z  4  =  VY Z  ^ 
Sn  genera].  ifV=vJ/ctandY  =  )'Zp,  thenl  =  VY  =  V'ZaxrJZp=n'Za+p 
Hence,  n  should  he  noted  thai  when  vector  voltage  is  muLii plied  by  admittance  cither  in  com- 
pic*  {rectangular)  or  polar  form,  the  result  is  vector  current  in  its  proper  phase  relationship  with 
respect  to  the  voltage,  regardless  of  the  axis  to  which  the  voltage  may  have  been  referred  do. 

Example  14.1.  Iw>  dnttiUi  ihf  impedance  iff  whirh  are  given  by  7.t  -  Hi  *  j  15  mi  J  A,  -  ri  - 
(ft  ohm  are  (  iwru'ded  in  parallel  If  the  total  turrtnt  xtipphtd  is  15  A.  what  «  tin-  powtr  tlikta  In 
eurli  hram  li  J  Find  alst>  the  p.j.  iff  individual  ctrcum  and  t\t  t'omhtnanan   l>ni\-  \\yun  dummm 

lEIect.  Technology,  Viknun  Unh.  UJjain  tW>i 
Solution.  Ul       I  =  15  Z0°;Z,  =  IO+jl5=  I8Z57" 
Z,  a  b-fi=  10  Z- 53.1" 

Z,  Zt  _U0fjl5)(6-i8) 


Tola!  impedance.  Z  - 


Z,  +  Zj 


16  +  j  7 


20  4" 


=  ¥,67  -j  3.6  -  10.3  Z 
Applied  voltage  is  given  by 

V  =  E  =  15  Z0*  x  10.3  Z-2DA"  =  154-4  Z-  30.4" 
1,  =  V/Z,  =  1 54.5  Z-  204"/ 1 8  Z57°  =  8.58  Z-  77,4' 
Ij  =  VOj  =  154.5  Z-20.4°/l0  Z-53-1* 
=  15.45  Z32-7" 
We  could  nlso  find  branch  currents  as  under  : 

1,  -  1.  Zj/(Z,  +  Zt)  and  I,  -  I.Z^fZ,  +  Z,| 
It  is  seen  from  phasor  diagram  of  Fig.  N V  ibat  I,  lags  behind  V  by  (77.4° 
leads  it  by  (32.7*  +  20.4°)  =  53  1". 

P,  »il,n  8  J81  jk  10  =  73*.  ;\  pj".  -  cos  57"  =  0^44  (log, 
P2  =  j| K2  =  J5.452 x6=  1432  \V  :  pJ.  =  cos 53.1°  =  0.6 
Combined  p.f.  =  cos  20.4*  =  0.'J3?  |  kud  1 


FiR.  14V 

-204°)  =  57*  and  J, 


fumiUl  A.C.  Cinuiti 
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Kuiittptc  14.2.  Two  tmpedtutie  Z,  =■  \S  +  (6>  and  Z7  =  t )  -  )4)  art  m  parallel  If  thr  total 
.  utrt'in  of      ( omfrinulum  t\      .  \  firm  the  rurrcw  taken  and  ptwrr  ransomed  h\  each  imftedame 

IT.V.  Enf*.  Putk  Kniv.  Muv  IHHH, 
SitUitWin  Z,  -  (8  +  jft)  =  10  Z36.8T :  Z,  =  (3  ->4>  =  5Z  -  53.1" 

(JO  Z  36.87*  )(5Z- 53.1*)    50  Z- 16.23*    50  Z- 16.23* 


z,  +  z. 


i  u  s  zio  y 


=  4.47  Z-  26.53d 


Let  /  m  25  Z0° :  V  =  /  Z  =  25  ZOf  x  4.47  Z-26.53"  ■  1 J  J  .75  Z-26  53° 
/,  =  W2,  =  1 1 1 .75  Z-26.53D/10Z36.87D  =  1 1.175  Z-63.4" 
/,  =  1 1 1.75  Z- 26.53/5  Z-53.1*  =  22 J5  Z2637* 

Now,  the  phase  difference  between  I'  and  /,  is  63.4*  -  26.53°  =  36.87°  with  currciu  lagging 
Hence,  cos  f ,  =  coa  36,87°  =  0.8. 

Power  consumed  in  Z,  =  V/,  cos  *  =  1 1 . 1 75  *  1 1 1 .75  x  0.8  =  ''411  W 

Similarly, 4>,  =  2637  -  (-  26.53)  =  53.1* :  cos  53. 1"  =  0.6 

Power  consumed  in  Z,  =  V75  cos  $2  =  M  L75  x  22.35  x  0.6  =  1499  W 

F.sitmplr  I4_S.  Hefrr  tnthrriirnii  of  Fig  14.  lit  and  determine  the  reJttMttnrrtvtd  mu'tant  <■ 
of  thr  /u.t'.ijiny  i  r//f  load  ami  the  power  tartar  of  thr  combination  when  the  iMfrmtM  arr  a,\  tntUvatt'tl 

1 1  kit.  1  Lii^Ji-  A.M.  At.  S.I.  t)tt.  1**891 

i-n.  As,  seen  from  the  A  ABC  of  Fig.  14.10  (M 
5.6J  =  2"  +  4.5'  +  2  x  2  x  4.5  x  cos  6.  .-.  cos  6  =  0.395,  sin  8  =  0.919.  Z  -  300/4.5  -  66.67  Q 
8  =  2  cos  6  =  66.67x0.919-61.3  O 
p.f.  a  cos  |  =  ACIAD  =  (2  +  45  X  0  J95V5.6  =  0.67  I  hig  > 


4. 5  A 


NQ  v 


Fi*s.  M  in 

hvninpl*  144,  A  me i run  vm/nw  /<iin/t  ««ir  cwrafji  «/  «  J5u  /  a»tdei\\er  in  fHiraltei  wuh  a 
urnes  1  ir\  tut  ;  turi/iwint;  the  re.n.xlive  Utrnfi  ami  a  reactor  af  nrghtiiblf  resistance  The  wlum  una 
Hi*  4*MI  W'ut  24fi  V.  SO  if:  as  untixp.f  Wluil  h  the  vallate  MAMMi  the  taaui  f 

<F.Y.Engg.  Pun*  Unit.  Nm.  IWi 
1  I  240 


Solutifin. 


127.3  a  .'.  /c  = 


127.3 


-  1.885  A 


2l^T  2Jt  x  50  x  (25XKT*) 
W  -  Vtvaf,$  -Vt  ;.  i  =  W/V- 400/240  -  1.667  A 
In  the  vector  diagram  of  Fg.  14. 1 0  \  fo)  ic  leads  V  hy  90°  and  currenl  I p  in  the  series  circuil  lags 
V  hy  where  0,  is  the  power  factor  angle  of  the  scries  circuit.  The  vector  sum  of  lr  and  gives  the 
total  current  /.  As  seen  tan  ^  =  t^t  =  1.885/1.667  =  1.13077.  Hence.  =  483°  lag.  The  applied 
voiiape  V  is  the  vector  sum  of  the  drop  across  the  resistive  lamp  which  is  in  phase  with  /,  and  drop 
across  the  coil  which  leads  /(  hy  90°, 

VnlLjge  tiL-ross  the  lamp  =  Fcos<l1f=340xcos48j  =  240  x  0.662  -  I V. 

Iv\4tupk-  143.  Pti'  i  ur rents  iv  earh  brain  h  <.<fu  rwi^brurn  ht-J  parallel  emuitare  t>aen  bv  thr 
rrprvtstem  iA  -  7.1)7  un  lft4t  -  X/4}  and  jfc  =  J  /  2  ,un  <M4  t  *  R/J/ 
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The  supply  Milage  rat  £4Mp  hv  the  vxprcsaiim  v  ■  $54  sin  .<  I4t  th-nvc  a  .\initlnr  e\pr/\si<m 
the  supply  current  and  calculate  tin:  ohmtc  value  of  die  component  assumini>  rnvj  pure  nwpanents 
tn  each  branch.  Suite  whether  the  reactive  components  tire  inductive  or  ctipociiivt 

iFlcil,  Kniiiiu-frinfi.,  raliultii  Unh'. 

Ntiiulmii.  By  inspection,  we  find  thai  ia  lags  the  voltage  by  n/4  radian  or  45"  and  ih  leads  il  by 
n  1 3  radian  or  W.  Hence,  branch  A  consists  of  a  resistance  in  series  with  a  pure  inductive  reactance. 
Branch  fi  consists  of  a  resistance  in  series  with  pure  capacitive  reactance  as  shown  in  Fig.  14.11  (a). 

Maximum  value  of  curreni  in  branch  A  is  7,07  A  and  in  branch  JJ  is  21.2  A.  The  resultant 
current  can  be  found  veclorially.  As  seen  from  vector  diagram, 

JC-eomp  =  21 .2  cos  60*  +  7.07  cos  45°  =  15,6  A 

r-comp  -  21.2  sin  60"  -  7.07  sin  45°  =  1 3,36  A 

Maximum  value  of  the  resultant  current  is  -  ^15.6"  +  I3J63  =  20J55  A 
$  =  lan~'  (1336/15.6)  =  ian~'  (0.856)  =  40 5°  (lead) 
Hence,  the  expression  for  the  supply  current  is  i  =  20.55  sin  (314  T  +  4(1.5" > 
ZA  =  3.W7.07  =  50  £1 :  co»  ^  -  Cos  45" 

=  t/Tl-  s'n  %t  =sin  45°=  1/^ 


RA  m  ZA  cos  4A  =  50  x  I  /  V2  =  35.4  £1 
XL  ~  ZA  sin  i^j t* 3056  U*M  =35.4  ft 
Z8  -  354/202  =  17.5  il 
RB  =  1 7.5  x  cos  60*  =  H.75  11 
Xc  =  17.5  x  sin  60°  =  15,16  ft 
I  .\iiui|iU-  14,5  imi.  \  ;  ^iil .  id  '•■in  ■»< 
10  A  flow  tiirnugh  f'v  parallel  .oinbtna- 
lion  at  three  impedance  '  {2  - )5\  12,  f(t  + 


Ha 


354 


Am* 

'7.U7A 

m 

J  ij£.  14.1 1 

/J  J  CI  drrrf  f-f  +  }4)  £1  Calculate  the  current  Awing  through  each  brunch,  f-'iitd  also  the  p.f.  of  the 
amibinutitm  (Ekcl.  Engg..  -I  Delhi  llniv.  19871 

Solution.  Lei     Z,  =  (2-/5).    Z,  =  (6  +  /3),  Z3  « (3  +  /4) 

Z,Zj  -  (2-/5}(6  +  ^)-27-j24.Z2S^  =  {6+j3){3  +  j4)  =  6  +  j33 
Z3Z(  =■  (3  +  /4)  (2  -/5)  =  26-/7  Z,  Z,  +  Zj  Zj  +  Z3  Z,  =  59  +  /2 
With  reference  to  Art,  1.25 


I,  =  I 


1,  =  I 


Z3 


=  (10+ ,T>)x|^|- 1.21  +  / 5,55 


=  <10  +  /0)x?|i£  =  4.36- ,1.33 

Eztz^a"  +  j0)xlrf  =  4'43->422 


Z|  Z^ 


Now, 


ztzzz3 


(2-jS)(6  +  j33) 


=  3.01  + J0.5I 


Z,Z3  +  Z,Z3  +■  Z3Z,         59  +  j2 
V  =  1 0  ^0°  x  3.05  Z9.6"  =  30.5  Z9.6" 
Combination  p.f.  =  cos  9.6"  □  (Jygt 

ilxampk'  14.6.  Two  tmpvikuw^n  wen  by  Zn  -  \  l<>  +  /  5j  /int/  /-  =  (^  +  7  0;  an-  jtunvtl  m 
parafiet  and  connected  across  0  voltage  oj  <  =  2(Mi  +  jO.  Calculate  the  circuit  current,  its  ptwse  tmd 
tin  branch  currents.  tJraw  the  vector  diagram,       (Elcctrtrtcchnks-I.  M.S.  Uni\.  Harnda 

Siilutinn.  The  circuit  is  shown  in  Ftg.  14.12 
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BratH.li  A.Y,  ^   —  - 


I 


ao  +  ;5> 
10- ;s 


I.  IDA 


_  \0-j5 
(lO+yS)  (10-/5)  100+25 

-  0.0«  -  j0.04  Siemens 


Brunch  B.Y,  =  — —  = 


] 


-  <iuZ  - 


i 


(8  +  j6> 
-  ,n 


8-  /6 
64  +  36 


Ktg.  J4.12 

0.08  -  /0.06  Siemens 


(8  +  /6K8-/6) 

V  -  (0.03  -j  0.04)  +  (0.08 -j  0.06)  =  0.16  -/ 0.1  Siemens 
I>irect  Method 

I 

Z 

18  +  jll 


We  could  have  found  una]  impedance  straightway  like  this 
Z,  +  Z>    (10  +  j5j  +  (8  +  /6) 


Z.  +  Z-, 

— !  -x. 


Y  - 


(10+y5)(8  +  J/6) 

Rationalizing  the  above,  we  get 

Y  _    {18  +  j  1 1)  (50 


;!00) 


50+  jim 
200  —  j  1 250 


=  0.16-  /0, 1  (same  as  before? 


150+  / 100)  (50- j  100)  12,500 

Now  Y  =  200  Z0*  ^  200  +  /U 

I  =  VY  =  (200  +  /OHO.  16  -/O.l ) 

=  32  -  ;20  =  37.74  Z-32*.... polar  form 

Ppwer  factor  =  cos  32"  «  0.84S 

I,  =  VY,  =  (200  +  /0)  (0.08  -yO.041 

=  I6-j8=  17.88  Z-26*3r 

U  lags  behind  the  applied  voltage  by  26*32', 

1,  -  VY,- (200  +  JO) (0.08  -/O06) 

=  J6  -jll  =  20  Z-36fi46' 

1 1  lags  behind  the  applied  voltage  by  36°46'.  The 
vector  diagram  is  shown  in  Fig.  14. 13.  Fig.  Mj13 

Exumpk'  14.7.  Explain  the  term  admittance.  Two  impedance  Z,  -  t6  —  /'  S)  ohm  and  Z.  ^ 
tl6  +  )!2i  €>hm  are  temnected  in  parallel  If  the  wiul  current  u/ lite  <<>inbittalit>n  h  < 20  +  j}0i 
jmpftri  rind  tli,  <  <»npU  \nt  for  ptmet  taken  h\  each  tmprtlutu  '  I'run  and  ckjiIuih  the  camptrte 
phasttr  diagram.  (Basic  Otttricily,  Bombav  Lni\  \V&h\ 

Solution.  Let  us  first  find  nut  the  applied  voltage,  Y  =  Y,  +  Yj  -  ^  ^  ^  +  — _^ 

-  (0.06 + j0M\  +  (0.04  -  J0.03)  -  0.1  +  j0.05  =  0.1 118  Z26°34' 
r  =  20  +  /IO=22J6Z26"34' 


0 

36=46' 

V 

726°  32' 

Now 


/     22  36  Z  26*34' 
|   _  yy     ...    v  =  -  -  —  .  -  200  £& 

Y    0,1 118  ^26"  34' 


I,,  =  VY,  =  (200  +J0)  (0,06  +  /OOOB)  =  12/  lb  A,  tl  ■  200  (0.04  -  j0.03)  -  8  ~/6  A 
Using  the  method  of  conjugates  and  taking  voltage  conjugate,  the  complcxor  power  taken  by 
each  branch  can  be  foudn  as  under  : 


lileettival  TeehnnioKy 


P,  -  (200 -jfOj  ill  +  j\6)-  2400  +  /3200 :  P7 -  (200  -JO)  (8  -jte)  100-/1200 

Drawing  of  pMsor  diagram  is  left  to  the  reader. 

Noii  .  Total  v^tampcrcri  =  4000  +  j2000 

As  a  check.  P  -  VI  m  200  (30  +  Ji0>=  4000  +  /20tt) 

F.vampli-  |4.H4  \  !  ^  'rift  iihiiii  tut  i\  in  urtrt  will  u  fuiriiltc!  comtniMHoit  of  an  M  il  rtnuor 
and  20  fiff  rapariuyr  tf  the  angular  fmjiwjtcv  of  the  iiftphrd  vuituge  is  ti>  -  fiXHi  tmi/.\.  find  the 
udmithmre  -if  thr  network  (limit  Circuit  \nul\Ms  (^mniila  LnJv.  Jun/Frb  \'>'>2i 


s.iluimn.  XL  =  atL=  100 x  15 x  10  3  =  1311  ;XC  = l/<oC  =  lOfylOOO  x  20  *  50  ft 

liTipctlanfi;     ihc  parallel  c<iinbinatiun  i.s  givers  by 

Zp  =  8011-7  50  =  -/4000/<80  -  j50)  =  22.5  ->36. 
Total  impedance  -  /15  +  22.5  -f56-  215  -  fl\ 


AdriiuiiUKt- 


1 


+  0.0238  -  jO.022  Siemens 


22.5  -  j?21 

hxumplc  14.9.  An  vnpi-iiame  tb  +  j  $)  tsottuteacd  afrusi  .V»)-l ',  Sf'-Wr  nu/ww  "i  (uiruiM  i-  rr/f 
ati'ithct  <  wvwj  tuning  ttti  impedance  of  f«  -  /6>  U,  Odeutuh'  (<D  tltr  atimntotice,  the  innduiame 
the  .\uMt-ptiuuc  t if  the  i  ttmbmiii  i  in  mt  \  h>  the  totul .  mrcnl  taken  (rum  the  miin.\  and  if.i  />.  f 

(Elect  En^AMAE.  S.I.  1992. 

I  6-/8 


Si)iutj4>ii.  ^ ,  = 


0.06  -  /O.Ofi  Siemens,  Y=  g-^—  -  -™  =  0.08  +  jO  06 


6+J8    6* +8 
Siemens 

(a>  Combined  admittance  is  Y  =  Y ,  +  Y1  =  0. 1 4  -  j0,02  =  IU4I4  Z-  H.M 
Conductance,  G  =■  IU4  Si  Limns  ;  Susceptiuice.  //  =  -0.02  Sknitns  (inductive) 
\b)  hci  V  =  200  ZO"  :  i  =  VY  =  200x0.1414  Z-8*8  V=  28.3  Z-8*8' 
pj.  =  cos  8°8'  =  11'^  iIhki 

Lxnmpk'  14.  It),  ft  the  voltmeter  tnFif>.  id.hf  rwtrh 
fitl  V.  tind  the  readhiK  of  lite  Miunetei. 

s<shiii<pri  t2  -  60/A  =  15  A.  Taking  it  as  reference 
quantity,  we  have  I,  =  15  Z  <). 

Obviously,  the  applied  voltages  is 

V  zz   1 5  /W  x  (4  - j4]  =  E4.8 


I, 


I,  -  84J8  Z-457C6  4  ;  3)  =  84.8  Z-  45  +  6i7  Z26.6 

=  lL6Z-7I.6°  =  f4-/  12) 
I  -  I,  +  l2  =  (l5+JfO)  +  (4-;i2) 

=  19 -/l2  =  22-47  Z-  TZ-3° 
Hence,  am  meter  n  nds  2J.-T 


I, 


=L-j4 


Fh>  1-1,14 


K.Uimplf  14.11.  /  md  thr  reihiuqf  <>i  the  manrtei  \shei\  die  volimrttr  tirnm  f/«-    ohm  *ru»/t*r 


;d  ;/ir'  ctnvtt  <*f  f~fg.  I J  /5  rank  43 
S> ill i linn.  Obviously  /,  ■  45/3 


V  (Meet,  F.ucf!.  &  Rcttniuk'.  H;inuiil<»ri-  l"ni\  IVJOJi 
=  15  4.  If  we  take  it  as  reference  quantity.  /,  =  3  ZO* 


Now.     Z,  =  3-/1  =4.24  Z-45*. 

Hence.    V  =  V,  Z.  «  15  ZO*  x  4.24  Z-45"  =  63.6  Z-45* 


.  _  y  _  63.6  Z- 45° 
1_Z,~     5  +  ;7 


63.6  Z  -  45* 


5,4  Z  21.8° 
=  1 1.77  Z- 66.8"  =4.64 -y  !0.8 
/  =/,  +  /,=  19.64  -/10.8  *  22.4  Z2K.8" 
LxHinple  14.12.  A  ant  fiuiing  a  fwuftimv  ojt  3  13  Mttrf  an 
Lftttui  ttjncr  of  MiBE!  M  tJ  iirrunged  in  paruttet  wtM  tiiutfltfr  end 
\ut\W):  it  rrvumHi.r  . '/  /  Q  in/  un  Im/iu  hwiur  <i<  Off)  //.  CuA  nhite 


J —  1  j|_ 


V 


i 


F'ia.  14.15 


Parallel  AC.  Circuit 
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the  current  ihntu\<h  itie  combinatum  una  rhr  futwer  abmrhfd  when  a  vohaRr  of  If  XI  V  tit  50  H::  m 
uppLirJ    Fstonaic  the  MOifaMCW  <>/  N 
tingle  coil  t>  hu  h  wilhuke  tfw  samt  cwr- 
tt  tit  ii)  tin  iijr;ri  f(Mt  tT  factor. 

Solution.  The  circuit  and  its  phasor 
diagram  are  shuwn  in  Fig.  14. 1 6. 

It  ranch  Nu.  I 

3fj   =  314x  0.02  =  6.28  £1 


5  fl  L  0.02  H 


100V 

 o  

(a) 


tfv 


Fin.  1 4. 1  A. 


Z,    =  v/51  +  6  282  =  8  a 

/,    =  100*  -  t2J  A 
cos  ^,  =  /5,/Z,  -  5/8 
sin  ^p,  -  6.28/8 
liruiifh  \«.  2 

=  314x0.08  -25.12  Q,  Zj  =  ^  +  25.I21  ~  25.14  £1,  /3  =  100/25.14=4  A 

cos*j  =  1/25.14 and  sin     =  25.12/25.14 
X  -  components,  of  /,  and  /,  =  /,  cos     +  /,  cos  4>,  =  ( '12 J  x  5/8)  +  (4  x  1/25. 14)  =  7.97  A 
Y  -  components  of  /,  and  /,  m  /,  sin     +  f2  sin  <t>2  =  { I 2  5  x  6  28/8)  +  (4  x  25. 1 2/25. 14)  =  I18A 

/  =  ^7.97* 


+  13.8"  =  15.*4  V 
cos  i(i  =  7.97/15.94  =  0,5  (lag) 
<|>  =  cos  1  (0.5)  -  60° 
Power  absorbed 

=  100  X  15.94x0.5  =  797  \V 
The  equivalent  series  circuit  is  shown  in 
Fig.  14.17  (ti). 

V=  100V:/  =  15.94  A  ;  $  =  60° 
Z=  100/15.94  =  6.2711; 
R  =  Zcos  <{s  =  6^7  x  cos  60°  =  3. \4  ii 
X  b  Z  sin  <t>  =  6.27  X  sin  60°  =  Ml « 
\dmlltunce  Method  Fur  Finding  Fquivak-nt  Circuit 


«  L 


?0Hz 


Fig,  14.17 


Here 


Y  - 

G  - 


 I  =  5    ff:z*  =  0.078 -j 0.098  S. 

5  +  j6.28    5;^6  283 

1-  j25.12 


I 


,  =  0.00158 -j  0.0397  S, 
I  +  /25.122 


1  +  J25J2 

Y,  +  Y3  -  0.0796  -  jO.  1 38  =  0.159  Z-6CT 
0.0796  S.  B  =  -0.138  S.  Y=  0.159  LI 

Glf  a  0.0796ft). 1 59"  =  3.14  £1.  J!L  -  Wr  -  0. 1 38/0- 1 59;  - 5.5*  £1 


Fwjmple.  14.13.  A  wllttge  t>f20(i  ZSS'K  ii  uftplwd  acrow  n-.tt  tmpednncei  in  parallel  Trie 


valim  of  unnaliiiu  cx  art  { 12  +  j       tiial  I  f(l  —  }  20), 


brunch  ami  the  power  factor  oj  the  whole  circuit. 
Solution  The  circuit  is  shown  in  Fig.  14.18. 
YA  =  1«12  +  >16)  =  (12-7J6V1(12+J16)(]2-JF16|} 


Determine  the  kVA.  kl'AR  utul  AW  m  ewh 
I  Licet.  TcrhnnliiK),  Indorc  Univ.  |9}W>> 


Electrical  Technoiagj 


-  02  -j"l&)/«JO  -  0.03  -/0.04  mho 


12 «  A  jfofi 


-j2on 


a  2000  (0-6  +  -  120  + jt60  vok 
lA  =  VYA  =  (120 +  y  1 60)  (0.03  -y0,04) 


-  00  +■  jU)  ampere  (along  [lit  referuiicc  axis) 
1B  =  VY„  =  020  +  y160)  (0,02  +  jQM) 


O2Q0  L53B$'t> 
f-'ig.  1-1.18 


-  -4.()t  /8  ampere  (kittling) 


Kvampk-  14.14.  Twn  <  initti\  tig  impctltim  i  \  of  whUbwr  v^vvi  frv  =  +  jr2  u/hha  Z, 
-  H  -  fr/i«n  .;n  ( inwet  tni  in  parniM,  If  tht  ptuenttat  different  m  rum  tint"  oj  iht  impedance  m 
2Ml  +  ft)  V,  rati  utait 

111  Zulu/  LMFVivi/  and  brtun.lt  <nrmtt& 
I /I  I  tflUli  power  ami  /wn  <t  .  'Wswni  J  in  each  hrtmch 
< m )  ovrrult  /Mnvfr-ftiaur  wul  ptwr-jaeiiir  oj  etuh  htwn  ■!>. 


 hi!.,  (i)        f{  =  (250  +> 0VO5  +  y  12) =  250 Z0°/19.2I  Z38.6" 


-  )  3  Z-38-6"  amp  =  1 3  (0.78 -j  0.6247) 

a  10.14  -  j  S.I  2  amp 
/:  -  (250  +  y  0V(8  -y  5)  =  250  ^0P«  434  Z-32* 

=  26.5  Z  +  32"  =  26.5  (0.848  +  y  0.530) 

=  2247  +  / 14.05  amp 
/  =  J,  +  /j  =  32.61  +  y  5.93  -  33,15  Z  +  10.36" 


(n)  Power  in  branch  I  =  J    x  15  =  2535  waits 
Power  in  branch  2  =  26.52  x  S  =  561 B  wans 
Total  power  consumed  =  2535  +  56 IS  =  8153  walls 
Power  l',K-ruT  cpJ"  branch  1  =  cos  38.60"  =  0.78  tag 
Power  factor  of  branch  2  =  cos  32"  =  0.848  lead. 
Oveall  power  factor  -  cos  10.36°  =  0.984  lead, 
^ddiliiinul  hint  :  Drawn  phasor- diagram  for  these  currents,  id  fig,  14.19,  for  the  expressions 


iNaupur  Uimerslty.  November  1998) 


written  above. 


(2MI+jO>V 


Kin,  14.19 


f'tirattel  A.C.  Circuit* 
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Lxanipk  14.  J  5.  An  inductive  iircuis,  in  parallel  with  a  resixtiv*  t  in  Hit  of  20  ohm  t  i,i  ronm  cteii 
tit  run  a  Mi  II-  tupply  Thf  hnJuttiVf  <  urreiil  is  4  A  A  uiul  Ihr  reXixtiw  current  u  2.7  A.  7?ic  fttfui 
i  art  fin  i.s  *  S  A  t'imt    itit  /V'nv;  /Wr"  r</  fVn-  i  cnntnin.il  ru;  un.  Ahc  Jhm  thf  plutwr  diagram. 

(Maupur  University.  November  1997) 

Sotatfeu  f2  (=  2,7  A)  is  in  phase  with  V  which  is  54  V  in  magnitude.  The  triangle  for  currents 
is  drawn  in  the  phasor  diagram  in  fig.  I4.2U  {h) 
Solving  the  triangle,     =  I  afl"  -  ens 
Further.  5.8  sin  $  -  4.3  Sin  (j^.  giving  0  -  44.2°. 


1  [f  2.7*  =  4J1  -  $$2yQ  x  4.3  x  2.1)}  =  70.2° 


OA  =  U=  2.1  in  phase  with  V 

AB  s:  I,  =  4.3  lagging  behind  V  b>  <J>, 

OB  =  1  =  58  Lagging  behind  V  by  0 


I  ik.  U  :tH„  i  Fig.  14.2IMM 

IZ,  I  =  5414  .3  -  I2_56«hms 
It  -  Z}  cos     -  4.25  ohms 

X  -  Z|  sin  0,  =  T  1.82  ohms,  since  0,  is  the  lagging  angle 

(a)  Power  absorbed  hy  the  Inductive  branch 

=  4.32  X  4.25  =  78.6  walls 

(b)  L  -  I L. 82/3 14  =  37.64  mH 

(c)  P.f.  of  the  combined  circuit  =  cos  it  =  0.7 1 7  lag 

Cbfecfc  :  Power  consumed  by  20  ohms  resistor  =  2.T2  x  20  =  145. S  W 
Total  Power  consumed  in  two  branches  =  78.6  +  1 45.8  =  224.4  W 
This  figune  must  be  obtained  by  input  power  =  VI  cos  0 
=  54  x  5.8  x  cos  44.2*  -  224.5  W.  Hence  checked. 

Fumipll'  14.1*.  in  .;  puitu  ttt.ii  A  C  <  m  ini,  three  tmnetkmcei  cm  t  t>ntu:  ted  m  p,t>,iltri,  cur- 
rents ti  ,\Uwfi  in  fig.  N.2(  an  flowing  iiuoitfih  ii.i  ptuvliri  hrondics. 

til  HWttf  thf  hJHttMwWJ  t<"  thr  i  urrvnta  in  if  mis  of  umntuiia!  variations  nrt<l  i/hjh  m,  navt' 
fonn\ 

lift,.'  bV  /</ff(/ 1  HI  rr«r  Mippiitii ft*  //jf  [Nagpttr  University.  April  I4'*8| 


-    -  A 


»  1,-3  A 
Fi«.  U.2I 


5JM  Electrical  Tecimotoxy 

Solution  tn  Fig.  14.2 1,  V  if,  taken  as  reference,  and  is  very  convenient  for  phasor diagrams  for 
parallel  circuits. 

(i)   /,  lags  behind  by  3CP.  Branch  no.  lmusl,  therefore,  have  an  R-L  series  combination.  With 
1  fl-voll  source,  a  current  of  3  A  in  branch  1  means  that  its  impedance  Z,  is  given  by 
Z,  =  10/3  =  3.333  ohms 
The  phase-angle  for  /,  is  30°  lagging 
tf,  =  3.333  cos  3fJ  m  2.887  ohms 
XLl  -  3.333  sin  30"  -  1.6665  ohms 
07)  (i  is  2  amp  and  it  leads  the  voltage  by  45°.  Branch  2  must,  therefore,  have  R-C  scries 
combination. 

Zj  *  10/2  =  5  ohms 
/?.,  &  5  cos  45*  -  3.5355  ohms 
XcJ  =  5  sin  45"  -  3.5355  ohms 
fiii}  Third  branch  draws  a  current  of  3  amp  which  leads  the  voltage  by  90".  Hence,  it  can  only 
have  a  capacttive  reactance, 

I Z,  I  =  X^  -  l(V3=  3.333  ohms 
Total  cum: til  supplied  by  the  source  =  /  amp 

/  -  /i  +  /i+/3 

=  3  [cos  30°  -j  sin  SStPj  +  2  |cos  45°  +  j  sin  45*1  +  3  10  +j  1] 
=  40123  2,9142 
l/l  =  4.96  amp  .leading  VT>  by  36", 
Espressitim  for  currents   Frequency  is  assumed  lo  be  50  Hz 

vt  =  KJk/2  sin  |3 14  0 
j,  -         sin {314  30s) 

fj  -  2%/2  sin  (314  i  +  45°) 

-  3i/2  sin  (314  f +  90") 
Total  current,  i  (0  <*  4.96      sin  (3 1 4  t  +  36*) 

Total  power  consumed  -  Voltage  x  active  (or  in  phase-)  component  of  current 

-  10  x  4.012  =  40.12  watts 

E\amplv  14,17,  A  msustaroj  12  alum  urn!  an  iudw  tance  of  0.025  H  »n  ammrtexl  in  At-nei 
■MM*  tt  50  Hz  supph.  What  yulm-.  m  ic*tMuiu-i:  ami  tnduvUtiur  wlu-n  >  W  in  parallel  will 
htnv  the  xtime  n'sultant  itnficdaHte  and p.f.  Find  the  rurrrnt  in  McA  WW  u«ften  f/w  vh/j/Jy  voUuxe  Is 
ZMiV.  (Niijmur  I  irrivcrsity,  Nov.  1996) 

bui  it  lit  mi.  At  50  Hz,  the  series  R-L  circuit  has  an  impedance  of  Zs  given  by 

Z,  -  !2  +  /(314  x  0.025")  =  12  +  j  7  85  =  14.34  +  Z  33.2" 
It  =■  (230  +j0}f  (12  +j  7.85)  =  16.04-  Z  33.2n 
■  13.42 H.8  amp 

Out  of  these  two  components  of  /T,  the  in-phase  components  is  1 3.42  amp  and  quadrature  com- 
ponent {lagging!  is  B.8  amp.  Now  let  the  R-L  parallel  combination  be  considered.  In  Fig.  14.22  (h). 
R  carries  the  in-phase  component,  jnd  L  carries  ific  quadrature-component  {lagging).  For  the  two 
systems  to  be  etjuivjJeiH. 


ftualltt  ,4.C.  Cin  uiis 
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BJB5H 
-WSSHtP-^ 


130  V, 


i...  f. 
-toots* — - 


an  v  ■ 


Rh.  14.22  («l 


r  El*,  14.22  <i)i 


It  means  lk  -  13.42  amp 

/?  =  8.8  amp 

Thus.  J?  -  230/  13.42  =  17  )  4  alma 

KL  -  230/8,8  =  26, 14  ohms 
Z.  =  26.14/314  -  83.2  mH 
Exfl/Iipk*  14.18.  -\u  tru/ut  tiif  <  ml  nf  n:\i\ranre  (5  ohm*  urn!  miim:ttve  milium  r  42  tifaris  t.\ 
t  tmiu  i  ifii  in  (htmih'l  with  a  iMpMCM"  'rfcuftat  itive  rttulmtt  t  J7.6  ulvm.  The  tumbinulitin  «  tWi-- 
tfizi-J  from  *i  2W  V.  jy$  H:       «</>/>/ v.  /<W  r/^  tuwl  *urmu  drawn  In  tin  unuii  ami  iu  /wuc* 
fuiHw.  thmv  h'  ffo  uvtic  Jne  phasttr  diagram  >'J  tin  < in  tut  iKamhuy  I'nivrniilj.  200(>s 


1511 


90* 


-►V 


Hr.  14.23  (ft  I 

Z,  -  15+  >42, jSj  -  44.6  ohms,  cos  «,  =  15.44.6  -  0.3363 
0,  -  70.40  Lagging,  /,  =  200/44.6  -  4.484  amp 
!v  -  20^47.6  -  4.2  amp 

/   -  4.4S4  (0,3355  -jp0.942)+>42  =  1 .50-/1.025  -  I JODC  -Z  I" 
For  the  circuit  in  Fig.  14.23  {a),  the  phnsor  diagram  is  drawn  in  Fig.  14.23  (b). 

Pin* it  (.'uiLUliiliiin 

Power  etc.  can  be  calculated  by  the  method  of  conjugates  as  explained  m  Ex.  14.3 

Brunch  A 

The  current  conjugate  of  ( 10  +  j  0)  is  ( 10  -j  0> 

VIA  -  (120+  j  160) (10 -j 0)=  1200+ j  1600    .%    kW-  1200/1000- U 
WAR  -  1600/1000  -  1 .6.  The  feet  that  it  is  positive  merely  shows  the  reactive 

voli-ampcrcs  air  due  u»  j  Lagging  current*  kVA  =  ^/(t.22  +  1.61)  =  2 

*     If  vulitiuc  LorviuuMtc    vm.i1.  tlwn  <.'ujkil-!uvc  V/\Rs  lire  positive  ami  inductive  VARs  ncearrvi'. 


5.V> 


titeetricai  Trchtmltw 


til  limJl  U 

The-current  conjugate  of  f-  4.0  +  ;8>  is  (-4.0-/8) 

V1B  =  ((20  +  /160)  (-4 -j8)  =  80O-jl6O0 

kW  -  800/1000  =  0.8         kVAR  -  -  1600/1000  =  -  U 

The  negative  sign  merely  indicates  that  reactive  volt-amperes  are  due  fn  die  leading  current 

kVA  =  +(-5.6)2l  -  1-788 

Y  -  YA  +  YB  =  (0.03  -/0.04)  +  (0.02  +  jO-04)  =  0.05  + 

I  =  VY  =  (120+jl60H0.05+/0)  =  6  +  ^  =  lO^-S' 

or  I  =  IA  +  lB  =  H  0  +  j0)  +     4  +  J8)  =  6  +  j&  (same  as  above) 

Circuit  p,f,  =  cos  if  =1  ('."  current  is  in  phase  with  voltage) 

Example  14.1V.  An  imprtlame  /  .  m  tS  -  jf)  ii  ft  in  parallel  with  an  impedance  Z,  -  \3  »  pi 
il  It  1011  V  ore  impressed  on  the  ptirallel  combination,  find  the  branch  currents  /.  and  the 
resultant  current.  Draw  (hi.-  L*llMJHMI»ftlf  frWrrr  diagram  itftmyfag  each  current  and  the  voltage 
drop  wtvs*  rtu:h  parameter.  Calculate  also  the  equivalent  renstftnee,  reactance  and  impedance  nj 
the  whole  Circuit  rKlcel.  TtvholoRY-l.  (Jwalior  Univ.  IWX) 

Solution.  Admittance  Method 

Y,  =  1/(8  -/5)  =  (0,0899  +  jQ.0562)  S 

\l  =  1/(3  +  J7)  =  (0.0517  -  jO,  1211  £,  Y=  Ys  +  Y?  =  (0.1416  -  j0.065)£ 

Let  V  =  ( 100  +  jO) ;  1,  =  VY,  =  100  (0,0899  +  jfl.0562)  -  8,99  +  /5.62 

I2  =  VYj  -  100  (0 05 17  -  /0.12I)  =  5.17  -  j'12-l: 1  =  VY  =  100  (0.416  - /0O56)  =  14,16  -jh.S 

Now,   G  =  0.I4I6S,  0  =  -  0.065  S  (inductive;) 

Y=  ^G2  +  B2  =  Jo.  1416"  +  0.0651  =  0. 1 558  S 
Equivalent  scries  resistance,      =•  G/V3  -  0,1416/O,15581  -  5.38  Q 
Equivalent  series  inductive  reactance      =  fl/K2  =  0,065/0. 1 5581  •*  2.68  U 
Equivalent  scries  impedance  Z  -  l/Y  =  "*J*JQ 
Impedance  Method 

I,  -  V/2,  =  ( 100       /  f8  - j5)  -  8.99  +  j'5,62 
Ij  b  V/Zj=  IOO/{3+y7)  =  5.17-jl2,l 

Z  =    Z\'h  +  fl)=59  +  j*\  =  5.848  +  ^  664  =  6.426  =  Z  24.5°, 

Z,+Z,        (I1  +  /2)        (H  +  /2} 

1  =  1 00/6,426  Z24.5°  =  1 556  Z-24  J°  =  14.16 -y  6-54 
As  seen  from  the  expression  for  Z,  equivalent  series  resistance  is  5.848  £1  and  inductive  reac- 
tance is  2.664  oh  in. 

Example  14.20.  Hie  impedances  -  f>  *  j  X.  /,  =  \  - ;  t>  and  /J  =  10  *J  (l  measured 
at  i<>  Hz.  form  dim  branches  afu  parallel  circuit  This  circuit  is, fed  from  o  KM  volt  it  I- Hz  supply 
A  nurch  reactive  tindtwtive  or  capaeitne)  circuit  ts  added  as  the  fourth  parallel  hramii  m  the  abmr 
iliree-branchi'tl  parallel  circuit  so  as  to  draw  minimum  current  from  the  source.  Determine  the 
valtix  of  I  i'i  C  to  he  tt\cd  in  the  fourth  hmm  h  untl  also  find  tin  minimum  current 

( UlwrLrleal  Circuits.  South  Gujarat  llniv.  1986 \ 

Solution.  Tout)  admittance  of  the  ^-branched  parallel  circuit  is 

Y  _  ^_L_  +  — I —  4-  — ]  =  0,06  -jom  +  0,08  +  /0.06  +  0.1  -  0J24  -fiXHl 

6  +  /8    8-j6  I0+/O 


I'undiei  W    L  trends 
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(.uitl.mil  Likoi  'a  (in  I J  he  imniuium  w  fieri  net  MiscepLincc  is  /.cm.  Sinte  combined  susceplance  is 
induaivc,  il  means  that  we  must  add  caparilive  susuepliiiKe  to  neutralize  it.  Hence,  we  must  connect 
a  pure  cupneitor  in  parallel  with  the  above  circuit  such  that  its  susceptance  equals  4  /0.02  S 

l/Xc  =  0-02  or  23I/C  -  0.02  ;  C  -  0.2/3 14  -  0.7  uF 

Admittance  of  four  parallel  branches  a  40.24  -  J0.02)  +■  j0.02  -  0.24  S 

.-.    Minimum  current  drawn  by  (he  circuit  =  11X1  x  0.24  =  24  \ 

Example  I  -1.2 1.  Tk$  titttii  effective  vunrnt  drawn  by  {Kind- 
le! at,  mi  of  Fix  14.24  (at  is  2<IA.  Cah  tdure  tt>VA\ut\  \H and 
tint  \ititn  drawn  hv  die  t  in  mi. 

Solution,  The  combined  impedance  of  (he  circuit  is 


z,z 


6 


10 


(1* -ys) 


Fig.  14.24.  lot 


lift  Power  =  itt  -  1CT  x  5  =  21KKI  Wfff)  Q  =  t2X  =  Xitx  2.5 
*  HI00  \  \K  i  Icudingl  0)  S  —  !'  +  J  Q  =  2000  4  /  [  i  M>  =  223(t  2  2?1'..V-  &M  I  I 

I\\amp)e  14.22.  ('otiiilttie  u  l  rc*/rji  eurient  and  (nl  equivalent  impedance  lor  die  temr-brum  hed 
circuit  of  Fig.  14.24  tin 

I  solution.  Y |  m  1/20  *  0,05  S,  \2  »  1010  -  -  jO.I  S; 

V,  =  I  /- j30  = j0.05  S  ;  Y4  =  1/5  -jtM  =1/10  ZftfF 

=  0.1  Z-60"  =  (0.05  -  jO.0866)  S 
V  =  Y,  +  Yj.  +  Y}  +  Y4  -  (0.1  - j  0.  1366)  5 
=  0169  Z-53.B*  S 
(/)  I  =  VY  =  200  Z  30"  x  0. 1 69  Z-53  8a  -  33.8  A 
(f)  Z  =  l/Y  =  1/0.169  Z-53  80  ■  5.9  Z  53.8"  £1 

Lxaillpk'  14.23.  The  fttnver  cmtMunvd  b\  Iroiii  hniurlio  nt 
the  ein  utt  slunvn  in  Fix.  14.23  if  22£J£J  H'.  Calculate  power 


4. 

:  i  HJ  | 

?  -]20 

-j8,66* 

Fig.  14.24  (Al 


a!  wj  fi  /jrrjui  /<  kiu/  f/n-  trading  of  die  ammeter 


Solution, 


I,  =  V/Z. 


Now. 
or 

Since 
If 

Stmilarlv, 


P  m 


YW  +  j  S I  =  V/l  0  Z53. 1"  I,  =  V/Z,  =  V/20 
20/10  =  2,  />,  =  j|  j"f ,  and  f2  -  /,  tf2 

^20/  5 

P.  +      or  JL  =  I±+i  =  A+  |  =  JI 
f,     ft        5  5 


jg 


l 


2I.| 


Tin.  14.25 


pi  = 

''.  = 

V  - 

r\  - 


2200x^  =  1000  W 


P,  =  2200-  1000=  1200  W 


/f  fi,  or  1200  =  ^x6;/,  =  14.14  A 

VZW.  then  1,  =  14.14  Z-53.1*  -  8.48  -jl  1.31 

t\  R2  or  1000  =  /j  x  20 ;  I3  =  7.07  A  or  \2  =  7.07  Zir 


TuuiJ  current  1=  1,  +  1,  =  (8.4S  31 )  +  7.07  s  15.55  -;l  1.31  =  19 J  Z  3*" 
Hence,  ammeter  reads  l'*  3  A 
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Kxurnplt-  14.2-1.  Omxtilei  tin  rim  tru.  circuit  shown  in  rmtoT  14,2$  (a) 


V=  100-^45* 


F  ir.  M.25.  (a) 

Determine  :  ii)  the  cumin  and  [tmver  ctmxumvil  ot  each  hmnch, 

(Hi  the  au/yi/v  .  urrcnl  a/ul  power  fac  tor.        (U.P.  Technical  University.  2001 1 
Solution.  Indicating  branch  numbers  1.13  js  marked  on  ibe  Figure,  and  representing  the 
source  voltage  by  100  Z45°T 

Z,  -  10  + j  0  =  1 0ZG*,  /,  -  I00Z45710ZO0  -  I0Z45"  amp 

Z,  =  5  +  jSS  =  I0Z6CT.  U  =  IOOZ45e/lOZ60°=  10  Z- 1 5°  amp 
Zj  -  5  -  /5      =  10  Z-  60",  l}  m  HK)Z45*/I  OZ-60"  -  I0Z 105°  amp 

Phasor  addition  of  these  three  currents  gives  the  supply  current,  /  which  comes  out  io  be  /  =  20 
Z  45"  amp. 

This  is  in  phase  with  the  supply  voltage. 

(7)  Power  consumed  by  the  branches  : 

Branch  1  I  101  X  10  =  1000  watt* 

Branch  2  :  10*  X  5  =  .S00  wain 

Branch  3  ;  JO2  x  5  =  500  watts 

Toud  power  consumed  =  2000  watts 

( it)  Power  factor  =  1 .0  since  V  and  /  are  in  phase 
I4,<i.  Sfrics-pii  rill  lei  Circuits 

\i\    Hv  Admittance  Mt'tlitnl 

In  aich  circuiis.  ibe  parallel  cireuu"  is  Bfgt  rediiMrl  tO  H  eqmv.iJen<  series  circuit  ami  then,  IS 
usual,  combined  with  the  tear  of  the  circuit.  For  a  parallel  circuit, 

Equivalent  series  resistance      =  Z  cos  =  —  -p  = 


Fin.  1 4.25  lb) 


Zi=MXi 


1 


— o  v  o — 
Fig.  14.26 


Sec  Ejl  14.14 

1    B  _  B 

Equivalent  series  reactance  Xc(f  =  Z  sin  $  =  ^r  - y  - 

(nl  flv  Symbolic  Method 

Consider  the  circuit  of  Fig.  14.26.  First,  equivalent 
impedance  of  parallel  branches  is  calculated  and  it  is 
then  added  to  the  series  impedance  to  gel  the  total  cir- 
cuit impedance.  The  circuit  current  can  be  easily  found. 
I 


R2  +  jX2 
1 


.Y3  = 


Ri-}Xi 


Parallel  AC.  Circuits 
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Z^j  —  —     ;  Z,  -     +  yX,  ;  Z  —      +  Zfl 
"it 

1  ^  Z 

14.7.  Scries  FqtiivHlrnl  «f  a  Parallel  Circuil 

Consider  the  parallel  circuit  of  Fig.  14.27  (a\.  As  discussed  in  Art.  14.5 


(Sec  Ex.  14.21) 


R- 

i — AW- 


v 

-Q- 


J  = 


 ^  f. 

?         2       *     2  1 


Fie.  1-1.27 
it-  ^r^r?  +  >  - 


Y  «=¥,+■  Vj  =  «,        +  g2*jt%  =  tjf,  +  *,)  + jti>,  -  6,)  =  G*jB  =  yjc2  +  B2)  ^  {BIG) 

o  „ 

As  seen  from  Fig.  14.28. 

„      ■  1  C_C_ 

=Zcos$  =       y  y,2 

1    5  _  A 

Hence,  equivalent  series  cir- 
cuit is  as  shown  in  Fig.  14,27  (*) 
Of  (c)  depending  on  whether  nei 
lutcepuuice  B  is  negative  (induc- 
tive) or  positive  (caparitive).  If 

B  is  negative,  then  ii  is  an  R-L  circuit  of  Fig.  14.27  (b)  sad  if  B  is  positive,  then  i I  is  an  R-C  circuit  of 
Fig,  14.27  (f). 

14.X.  Parallel  Equivalent  of  a  Series  Circuit 

The  two  circuits  will  be  equivalent  if  Y  of  R» 

Fig.  14.29  la}  is  equal  to  the  Y  of  the  circuit  of  r —  /W— \ 

Fig.  14.29.  (by 
Serie*  i'irruil 
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V 


RP 

Xp 


V 


ft,  +  X* 
Parallel  Circuit 

Y  =      1      +  ! — 


fl.+x;     fi;  +  x: 


FiK.  1 4.2V 


I  ,   I  _  I  j 

R„     jX„  ~  Ro  X, 

ft  J       IT  It  t 
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Ficftncitt  Teehiadagy 


r  +  x: 


R2  +  X  ] 


J_ 
V 


Similarly  Xp  =  Xf-r^-=Xt 


l+- 


1  + 


Example  14.25,  Tiie  admittance  of  a  circuit  is  (0.03  0.04 1  Siemens.  WW  the  vuiuts  of  Ike 
>i-\t\tt>iii  r  and  inductive  reuclattce  ot  the  \  itimit  if  they  arc  joined  \ai  in  sene\  and  thl  in  {tiruHrl 

Mndm  (a)     v  =-  0.03  -  jam 


z  _  Lm  !  


tOm  +  jO.M  0,03  +  jO04  .,  „ 
 ; — — — —  =  —  _  _  _  _  ■■   =  1 L  +  ylo 


0.03'  +004"        0  0025 
Hence,  il"  the  circuit  consists  of  a  resistance  and  inductive  reactance  in  scries,  then  resistance  u> 
12  ft  and  inductive  reactance  is  16  ft  as  shown  in  Fig.  14.30. 

\b\  Conctuclance  =  0.03  mho        .*    Resistance  =  1/0.03  =  33,3  ft 
Susccptancc  (inductive)  =  0.04  S  Inductive  reactance  =  1/0.04  =  25  Li 

Hence,  if  the  circuit  consists  of  a  resistance  connected  in  parallel  with  an  inductive  reactance, 
then  resistance  is  53J  D  and  inductive  reactance  is  25  ft  as  shown  in  Fig.  14.31, 

33.3  (1 


25  n 


-0- 


1  i«.  1 4 JO  FiR,  14J>I 

Example  14.20.  A  cm  mt  connu  ted  to  a  If*  V.  5C  fir  suppfv  takes  O.fi  A  lit  it  fouer  tmtot  oj 
It  f  Idling.  Calculate  the  resistant  t  and  inductance  of  the  cinuit  axxummn  to)  thr  cm  nil  coiuisis 
of  a  resistance  out!  inductance  ill  series  arid  ibUhe.  eltcuii  consists  of  a  resistance  and  inductance  in 
;«o,d!M  tEk-cL  Engg.-I,  Sardar  Patd  Univ  1MS8* 

Sulutmn.  Sciii'«.  t  oinhiiutlwn 

Z  =  I J  5/0.8  -  |43.7  ft ;  cos  $  -  RIZ  -  0.3         R  -  0-3  x  143.7  =43.1  ft 


Now 


X,  -  Jz2  -  R2  =^i43.72  -  43. 13  -  137.1  fl 


L  -  I37.l/2rcx  S0  =  «.43h  H 
Parallel  Cnmhinatinn 

Active  component  of  current  (drawn  by  resistance > 

-    0.»  cos  4>  =  0.8  x  03  =  024  A    R=  1 1 5/0.24  =  47<>  ft 

Quadrature  component  of  current  (drawn  by  inductance)  =0.8  sin  $  -  0.8  ^-0.3"  =  0.763  A 
.%   XL  =  H  5/0.763  ft    -■-    L  -  1 1 5/0.763  x  2n  x  50 -*M  1  I 

Example  14 21.  Ihe  actice  tind  AqgfAtg  reactive  componcms  of  the  current  taken  hy  an  a.c 
a  1 1  in  t  front  a  25(1'  V  supply  art-  .*<)  \  ond2.SA  n-spcrtivftx  Calculate  the  coiiditciaitce.  uiscrpmncc 
admittance  umi pitwer  factor  of  the  circuit  What  resistance  and  rtttcluncc  would  un  itidtu  flvi  t  oil 
hast  if  it  took  the  name  current  from  the  umw  mains  at  thr  tame  factor  ' 

[Elect,  lethnolo^ .  Sutnlul  I  no  l<iH'< 

Stilutifin,  The  circuit  is  shown  in  Fig.  14.32, 

ftesisiancc  -  250/50  =  5  £1 ;  Reactance  =  251W25  =  10  ft 
Conductance  #  =  1/5  =0.2  S.  Susceptance  b  -  -  1/10  =  -W.l  N 


t'aralit'l  AX'.  Circuit* 
Admittance 
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Y  =  Jg2+b2  =  Jo.22  +  (-0. 1)1  =  >/o7k5  =U.22J  S 

Y  =  0.2  -J  OA  =  0.224  Z-26°34f   Obviously,  the  LotaJ  cum-ni 
lags  the  supply  voltage  by  2u"34',  p.f,  =  cos  26"34'  isfJH 


— WW*- 


25A  «0" 
— TSEo"4- 


— 0  250  Vo~ 
Fig.  14J2 


4Q 


2fi 


"o250  Vo~ 


Now 


Z  -    1  =  ' 

Y    0.2  -  JOA 


0.2  +  JOI 
0.05 


Fig.  1433 
-  4  +  j2 


Hence,  resistance  of  die  coil  =411 


Reactance  of  the  coil  =  JQ  (Fig.  14.33) 

CmnpJr  14*28.  The  wriiM  and  \*mittrt  <  jtuir  i/j/jhtj  m  F ig.  }4>.*4  huvr  die  tumt  tmpaLim-t 
and  the  iamr  ptiwtr  UhW*  If  H  =  J  Hand  X  -  4  11  /i/m/  the  \alue.\  aj  Rf  ami  X ,  -Us*',  find  the 
impedum  e  and  in»\rt  lartitr  (Elect.  Frigg.,  Bmnhm  I'mi. 

MuTutima,  inics  CtreoM  tfig.  14.34  (a>) 

1        it-jSt        Jt        ,  x 


Parallel  t  in  nit  (Fig  14.34  lb}] 


7  > 


Y„  = 


I 


I 


/f,  +  jO    0+  /JKt 

X 


± 


Fir.  UM 


(hi 


.:    R,  -  R  +  X^iR   and   X,  =  X  +  l?Vx 
.-.      ,  =  3  +  ( 160)  "9J3  Q ;    X,  -  4  +  (9/4)  =r..25  Q 
Impedance  =  3  +./'  4  =  5  Z53.1" ;  Power  factor  =  cos  53.1°  *n,f'  ihiii  ■ 

I  \;implc  14*29.  F,«d  rA*'  iwfur  tyilh  /vvww/iiy  W  mtlitetance  L  m'AhJi  when  cttnaef tad  in 
parallel  Wm  lakt  the  uime  current  at  the  Mime  pt.mer  factor  from  4(HI'V,  50-lfc  mains  as  a  coll  <j/ 
resistant  e  Rt  -  S  LI  ana"  an  mductum  L,  -  0.2  fl  (mm  tfu  same  sourer  i'f  SUftpl\ 

Slum  tluit  when  tin-  reitsmnu-  ft,  ,'f  lite  rut)  ts  \mutt  .n  enniparrd  t<>  at  mduitaner  L,. 
then  H  and  L  are  respectiirJx  taunt  to  <X>~  l-t^R,  and  Lr    lIUiKL  Td'hnnlog),  Utkal  Univ.  19H5I 

Siduiiitn.  As  seen  from  Art.  I4.R  in  Ftg.  14  35 


i — w* — TO— i 


K 


W — ■ 


X 


to) 


b  6 


Hg.  L4.35 


X  =  X,  +  R;iX,  ...(if) 
Now  Rt  =  8fl   X,  =  2ltx  50x0,2  = 

/f  -  8  +(fi2.a2/8)=5f)K  a 
X  =  62.8  +  (64/62,8)  **3J2  Q 
From  (jJ.  it  is  seen  thai  if  /f,  is  negligible,  then 
R=X1lfRj=w1  Lfai 
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like  trie  ut  TirUmttoRy 


Similarly,  from  (//)  wc  find  that  the  term  Jff/Jfj  is  negligible  sis  compared  to  Xr 
a    X  =  Xt  or L^L, 

Evampk  14..V).  Determine  the  iwrvnt  drawn  by  the  fuUmving  circuit  (Fkig.  N.JO  tail  tehen  a 
vallate  i>J'2tNI  V  is  applied  actus*,  the  \aim-   Drtru  the  phasar  diagram 
Sol u lion.  As  seen  from  the  figurre 

Za  -  L0-jl2  =  15.6  Z -50.2°;  Z3  =  6 +  ;I0=  11.7  Z5»" 

%  =  Z,+ZiK-  =  (4+ y6>  +  {!0.9+;3J>=  14,9  +  ;9.l  =  17.5  ^31.4° 
\i       inn  /  rf 

=  1 1.4  Z  -31.4" 


=  10.0+  j3.1=ll.3Z15.9D 


Assuming  V  =  200  Z  0D  :  1  =  J  =  .^If^ 
*  Z    17.5  Z3I.40 

For  drawing  the  phasor  diagram,  let  us  find  die  following  quantities 

(fl 


'is 

I, 


-  IZ,  1 1.4  Z  -  31.4"  x  7.2  Z  56,3'  =  82.2  Z  24.9° 


1.  - 


=  LZj,.^  11.4  Z-  31.4"  J<  1 1.3  Z  15.9 

-  j^a  128.  Z- 15.5°  =825z347 
Zj  15,6  Z- 50.2° 
128.8  Z- 15.5° 


128.S  Z  -  15.5" 


-15.1  Z -74.5° 


11.7Z59" 

Various  currents  and  voltages  are  shown  in  their  phase  relationship  in  Fig.  14,36  (it). 


is 


A       3  J6 


Fit.  MJf,  lit  1437  ioi 

f'.uunpli.'  14.31.  f  or  fJi?  t  m  rtif  .v/fiwn  i«  Fix  14.37  («;,  find  0i  unal  im/mlmmit  (ul  loud 
*anrM  niii  mud  f»>wer  ah\t>rbed  tUhl  f*we<-ja>  -Uu.  Draw  it  v?ett»  tiitivnit), 

Kleet  Tech.  Osmauru  Univ.  Jwi/Feh  IW2) 
SoIijIUhi.  Zsc={4+j$)  II  (5  -  j&)  =  9.33  +  j0.&9 
<i>  ZAC-3+  jts  +  9.33  +  ;U89  =  1 2,33  +  /6.B9 

-  14.13  Z  29.2° 
{it)  I  =  100/14.13  Z  29.2°,  as  drawn  in  Fig.  14.37  <&) 

-  7.08  Z- 29.2° 
Hit)  <j>  -  29.2°;  cos  0  =  0,873;  P  =  Vi  cos  $ 
=  100x7.08x0.873  =  618  W 

Evmripk  14.32.  ti\  a  series-parallel  vitcuii,  the  parallel 
brunt ftes  A  ami  If  an  in  scrtc.\  u  lib  t '.  //.•<  anpednees  an  :  7.s 
=  f4  +j  J)  1 2H*(*-  i  try 3k  Zr    U  +  /fli  rita, 

//'//ir  .  iwe/r/  /(  -  .'_5  -  /  'M,  f/MU  fJr«  niniplctc  plum"  diagram  deleniiininfi  the  beam  I)  \  w 
rvntx  ami  v*dtasics  ami  i/u  total  vaita^e  Hence,  calculate  the  eampiex  pawer  \the  uctii't  ainl  tr\n 
tame  ptm'ttJ  far  each  branch  ami  the  \eht>lr  circuits     (Ra.sk  Electricity.  Hombay  Univ.  I'MWi 


Fir.  14.  37  <A> 


Parallel  \.<\  Circuits 


54} 


Salmiiiil.  The  Circuit  is  shown  in  Fig.  14.38  (a) 

ZA  =  <4  +  ji)  *  5  Z  36°52* :  Z„  =  (4 -;]6/3i  =  20/3  Z  -  53°B' :  ^-(2+78)  =  8.25  Z  76° 
lt:  -  (25  +  jO)  m  25  Z  0"  ;  Vc  =  1^  =  206  Z  76" 

(4  +  J3)  (4  -  yl6/3)  _  (32  -  J28/3)  _  ■  .  ■  n  _  .  ,  « 

v*»  =  k  z«  =  25  ZCT  x4  z  r  - 100  z  0* 
Z  =  ZC  +  ZAB  =  (2  (4 +  y0^(6+j«>=  10  Z53°8"V  3 J^Z  =  25Z00  x  10  Z53°8' 

-  250 

100  Z0° 


„  ,IQ°.1Q1  *  20  Z  -  36a52- ;  l„ 


■*I3Z  J3°8' 


*     ZA  ~5Z3d°S2'  ■     Zb     (20/3) Z- 53°fl' 

Various  voltages  and  cumenls  are  shown  in  Fig.  14.38  \hi.  Pmu'^  would  be  calculated  by  using 
voltage  conjugates. 

Power  Tor  whole  cirucii  is  P  =  VIC  =  250  Z  -  J3*8'  x  25  Z  0'  -  6.250  Z  -  53*  B' 
=  6250  (cos  53°ft'  -  j  sin  53"S'}  =  3750  -  j5000 
Pc  -  25  x  206  Z  -  76*  -  5 1 50  (cos  76*  - jsin  76*)  -  1 250  -/5(XXJ 
PA  =  100  x  20  Z  -  36D5r  e  2000  Z  -  36D52'  =  1600  -;t200 
PB  =  100  x  15  Z         -  (900  +  /1200);  Total  -  3,750  -/500Q"  (us  a  cheek  \ 


4ft 


2ft  sn 


4(1 

_  u  _ 

FlK-  14.38 

Kxampte  14.33.  /"»ri/  r/ir  value  of  the  power  developed  ui  cadi  arm  of  the  igrtfl  JWHlftlH 
i  trt  mt  .diimu  111  /•Vi>.  M.JV.  « 

>i>lutifin.  |n  order  lo  find  the  circuit  current,  we  must  firs!  find  the  equivalent  impedance  of  the 
whole  circuit. 

ZAB  =  i5  +  j\2)  II  f-;20) 

_  15*  f\2)(-  /20>  _  13  Z  67.4°  x  20  Z  -  90° 
5  +  ;i2~/2(l    ~        9  43  Z- 58" 

=  27.57  Z  35.4*  ={22.47  t >  15.97) 
ZAC  « ( 10  +  /))  +  (2Z47  +  j  15.971  =  (3X47  +  /I4.97) 
=  36.2  Z  26.2° 

50  Z09 
Z    36.2  Z  26.2° 


=  USZ-2fi.2aJ4 


o  SOZO'V  o- 


5+4 


Electrical  1  cchnofotty 


Pima  developed  in  I  Oft  resistor        -  1.382  x  15=  1Y  W, 
Potential  difference  ncross  10  ft  resismr  is 

JR  =  1.38  Z- 26.2'  X  10  =  13.8       26.2"  =  (1238  -J  ft.l) 
supply  voltage  -  drop  across  10  ft  resistor 
=  (50  +  pi  -  ( 1 2.38  -y6. 1 )  =  (37.62  +  j6.1  J  =  38. 1  Z  92 Is 


38- 1  Z  9.21° 
2  =  (5+  /1 2)      13  Z  67.4" 


-  2,93  Z  -  5S.2*3 


Power  developed  -  f|  x  5  =  2.93"  x  5  =  43  W 

No  power  is  developed  in  ihe  capacitor  branch  because  it  has  no  resistance. 

Lxinnplc  14.34.  In  the  circuit  \iwwti  in  Fi&  i 4.40  determine  the  Vallate  tit  u  firquencv  of  50 
H:  to  he  applied  airim  AJj  in  order  thill  the  current  m  the  arcuit  h  til  A.  Dnnv  the  fthmur  diugnim. 

(Etecl.  KnKft.  &  Eld-trunks  Bangalurc  l!ni\.  IVKSi 

S  (too.       =  2  Jix50x0.05^  15.71  ft  ;,V/„  =  -2tix  50x0.02  =  6-28  £1 


v.i  -  - ' — ->*  **  r»v  -   i2 

Xc  =  ifitn  x  50  x  400  x  10^  =  7,95  ft 
X|  =  fi,  +  ptLy  =  10  +  / 1 5.7 1  =  1 8.6  Z  57°33' 
Zj  =  R2  +jXu  m  5  +y6.28  =  R  Z  Sl^ 
Zj^R^-jXc=  10-/7.95-  12.77  Z  38°30' 

Z^,  =  Z,  i  I  Zj  (5  +  jG,2S)  II  (10  -  J7.95)  =  6.42  +  J2.25  *  6.8  Z  19°  1 8' 

Z  =  Z,  +7^  =  (10  +  j  15.71  }  +  (6.42  +  y225)  =  16.42  +y!7.96  =  2436  Z  47'36' 

Let  I  =  10Z0°;    .-.    V  =  /Z=  10Z03  x  24.36Z47D36  -  243.6Z47°36' 


i— 


in  0.0514 


3  I  |C 


10 


c 


400 


-O  V  o- 


KiR.  14.411 


Vflr=iZK.=  10Z0Bx6.8Z19,l8'  =  68Z19El8' 


8Z51D3l' 


=  8.5  Z-  32°  1 2" 


V       68  ZIYIS' 
'J~  Z,     12.77 Z-WM 


=  5.32  Z  57*4? ;  V,r  *  /Z,  =  IQ  Z  (Fx  18.6  Z  57°33'  =  186  Z57D33' 


The  pbasor  diagram  is  shown  in  Fig.  14,36  l.b). 

Example  I4J5.  Oeicinune  the  uvernifc  power  delivered  to  each  of  the  three  boxed  networks  in 
the  iiivmi  "i  fig.  14.41.  (Bash-  (inuil  A  rial  >  sis  t^mania  I'niv.  Jini/Veli  IW| 

Saluliim.2|=6-/8=10Z-53BI3*,Z3  =  2+;I4=  14.14  Z8I87"  ;Zj  =  6-yS- 10Z  -  53.13° 


Parallel  A.C-  Circuits 
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Z,Z 


3  _ 


A  >Z, 


14.14^—8.13*  =  14-/2 


Drop  across  two  paraHct  impedances  is  given  hy 
14-/2 


^=100- 


16-  jH>+fl  4-/21 


=  63.2  Z  18.43d  =  60+  ;20  , 


i 

6-j8 

4-jS 

v,  =  100 


J0Z-53.J30 


6-/8  +  04-/2) 

44,7  Z- 26.57° 


=  47 .7  Z- 26.57° -40-/20 


2*  }U 


IOZ-53.13" 
6.1.2  Z18.43° 


=  4.47  Z  26.56° 


F1K.  I-L4I 


l4.l4ZHl.87f 
63.2  Z18.430 


=  447  Z  -  63.44" 
=  ft. 32  £7\$ff 


10  Z-  53.13° 
=  v^,  cos     =  44.7  x  447  x  cos  53. 13°  =  120  W 
P2  m  V2  l7  cos  ^=  63.2  x  4.47  x™Sl,fl7'=  40  W; 
Pj  a  iy,  cos  <m  a  63.2  x  6.32  x  cos  53.13°  =  244)  W.  Total  =  400  W 
As  a  check,  power  delivered  by  the  100-V  source  is, 

P  =  W,  cos  4»  =  1 00  x  447  x  cos  2656"  =  400  W 

Kvumple  14JA.  In  a  s?  net- parallel  arcuti  of  Fig.  14.42  fa),  the  parallel  branches  A  ami  B  tw- 
in t&fku  with  C  Tfie  tm;vdances  are  ZA  =  (4  +jSL  ZB  =  I  Nt—JJ)  and  Zt  =  frt  +  fSj  il- 
l/the wittii;e  applied  t<>  the  circuit  j'.v  2W  V til  50  Hz,  ciilmlnl,    Ut\  i  urrnit  I ,      muI  /,    \ln  the 
total  power  factor  far  rhe  whole  circuit. 

Draw  and  explain  complete  vector  diagram. 

Natation.  ZA  =  4  +  /3  =  5Z  36.9°  ;  Z„=  10-/7=  12.2  Z  -  35°:  Zc  =  6  +  /5  =  7.8  Z  39  8° 


2a*  _ 


7,s  Z&      5  Z  36.9g  x  1 2 . 2  Z  -  35 ? 


61  Z  1.9° 
14,56  Z- 16 


JA  T  **B  ~ 

Z  -  Ze  +  Zw  =  (6  +  /51  +{4  +  /1.31  =  10  +  /6.3  ==  1 1 .8  Z  32.2° 
Lei   V  -  200  Z  0°;  Ic  (V/Z)  =  1 200/1  1.8)  Z  32.2°  -  I6.35Z  32.2' 

Z, 


-=4.I9Z17.9S  =  4  +  /1.3 


P  2  Z  -  35° 

-  1 6.95°  Z- 32 J* x  ^^-^  =  14.0  Z -  5 1 .2' 


14.56  Z.  -  16" 


i,, 


I, 


S4.95Z-32.2ex 


5  Z  36.9° 


l4J6z:-]fi° 


=  5.82  Z  20.7^ 


The  Phase  angle  between  Vand  total  circuit  current  lt  is  32. 2L.  Hence  p.f.  lor  the  whole  circuit 
is  =  cos  32.2°  =  0.846  (lag) 

For  drawing  the  phasor  diagram  of  Fig.  14.42  lb)  following  quantities  have  to  be  calculated  . 


Att 


I.  z 


.<Lh 


17.85  Z- 32^  X4.I9Z  17.9°  =  71  Z-  14.3d 
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Fig.  14.42 

The  circuit  and  phasor  diagrams  are  shown  m  Fig.  143.38, 

F\ani|itr  14 SI.  A fluorescent  lamp  lakinu  SO  IV  «i  <<.  '  pmcr  tu<  tor  hiv.^m\  }r«m  n  IMl-V  Su- 
rf: supply  is  In  be  corrected  ti  •  unity  power  (at  tor  Determine  she  vtdue  of  the  correcting  ufflHirutm 
rapured. 

Solution.  Power  taken  by  the  BO-W  lamp  circuit  can  he  found  from  the  following  equation. 
230  y.  t  y.  0.7  =  80        /  s=  80/230  x  0.7  =  0.5  A 

Reactive  component  of  the  lamp  current  is  =  /  sin  $  =  0.5  ^|  -  0.71  =  0.357  A 

The  power  factor  Of  die  lamp  circuit  may  be  raised  to  unity  by  connecting  a  .suitable  capacitor 
across  the  lamp  circuit-  The  leading  reactive  current  drawn  by  it  should  he  just  equal  to  0.357  A.  In 
thai  case,  the  two  will  cancel  out  leading  nnly  the  in-phase  component  of  the  lamp  current. 


lc  =  0 J57 A 


-  230/0.357  =  645  £1 


Now      Xc  =  1/toC    ..645  *  l/27tx5fJxC   r  =  4.95uF 
Example  14.38.  hot  the  circuit  slunvn  in  Fit;.  N.4J,  calculate  I I .  ami  /,    The  i  iiiiii-\  marked 
n  the  ttulmumce  and  capacitance  t;tve  their  reactances  i.Klect.  Sdi'iiit-J  Vlluhahud  I'rm.  1W2i 

Solution.  ZK  =  Z.  U  Z,  =  <4+^'-#  =  ^  =  0^%^  =3.65  -  /Ml  =3-9  Z  21? 
*        [3-t-;Z)+(1-j5j     5-/3  +  y 


(2  +  j3)  +  (3.65  -j\ .41 )  =  5. 65  +  j\  .59  =  5.82  Z  74.V 


Ul  V  =  10  Z  0°:  /,  =  V/Z  -  10  z  075. ti2  Z  74.3°  =  1.72  Z  -  74J" 
V^*/^  =  L72Z 


74.3*  x  3.9 
Z2  1-2°  =  6.7  ^  -53.1 

Now.  Z,  =  4  +  /2  =  4.47  Z  63.4'  ; 


=  I  -;5  =  5.1  Z 


I LJ* 


l-wiw  1H 

2    5,  3 


Fig.  14.43 


/3  =  VZ,  =  6.7  Z  -  53  174.47  Z  63.4* 
=  l,5~Z  lit.*  " 

175. 1  Z-I1.3° 

=  L3  Z  -  4L.S 

Example  I4..W.    t  muhhiy  hnijiim 
2<J/M'  .ftf-M:  Mrtiilr-phaie  motor*  cacti 
developing  i.?3  iW  tuivtnx  95fk  efficiency 
and  operating;  m  O.K  power  facmr.  Calculate  the  iw/ur.f  f/.V  lagntuv.  and  I'Udji  leading  Fur  each 
>ij»c.  .vfttii/l  ii  vector  diagram  and  find  the  vatut  oj  die  \upph  t,\iircnt. 

Solution.  Total  motor  power  input  =  4  x  3730/0.85  =  17.550  W 

Motor  current  Im  =  17.550/240  x  0.8  =  9]  3 A 

Motor  p.f.  =  cos  $m  =08    .-.    0n  =  cos"'  (OSS  -  36°52' 

fat  Since  capacitor  does  not  consume  any  power,  the  power  taken  from  the  supply  remains 
unchanged  after  connecting  the  capacitnr.  If  /( is  current  drawn  from  the  supply,  then  240  x  It  *  0.9 
=  17,550 

. .    f,  =  8 1 .2  A.  cos  *,  =  09  .  (ft,  =  l-os"'        =  25*50' 


i'uruth'l  A.C.  Circuit* 


m 

sin 


As  seen  from  vector  diagram  of 
Fig,  14.44(a),  ff  (he  vector  sum  of/, 
and  capacitor  current  l€  .  lc  -  Ijn 

-  /,  sin  4>t  =  9 1 3  sin"3cT52'  -  8 1 .2 
sin  25*SCf  "  54.8  -  35.4  =  19.4  A 
Now    4  -  (AVC 
or     19  4  =  240  x  2*x50xC 
.-.     C  =  257  x  1 0~6F  =  257  uF 
■  h)  in  tbs  case.    hjads  [he  sup- 
ply voltage  as  shown  in  Fig.  1 4,44  (b) 
ic  =     sic  fn  +  /,  sin  ^ 
-  54.8  +  35,4  =  90.2  A 
Now      =  wVC 
.-.    90,2  =  240  x  2n  x  50  x  C 
■,     C=  1 196  x  10^F=  lt'J6ni 
The  line  or  supply  current  is.  as 
before,  81.2  A  (leading) 


Fir.  14.44 


KxampU-  14.40.  /7rd'  ^juJ  taknn  from  a  yi^j/Vy  amxtxt.i  of  fu)  lump  load  Ul  JVV  a  utury  p*m  < 
r<i,  rtprfkl  rni'foi  load  offtdkVA  ut  (kS  power  (ucior  tluNl  and  f<  I  motm  loud  ■>!  -H>  t  \  'A  at  <>.  7  p,nu  ; 
factor  tending.  Cult  idate  the  total  loud  taken  from  ihc  supply  in  kWnnrf  in  k  V'A  and  tin:  powt  i  far.toi 
r»f  flu-  enmhitwd  Uniit. 

HflkMtfnn.  Since  it  is  more  convenient  to  adopt  the  tabular  method  for  such  questions,  we  will 
use  the  same  as  illustrated  below.  Wc  will  tabulate  the  kW,  kVA  and  WAR  (whether  leading  or 
lagging)  of  each  load.  The  lagging  kVAR  will  be  taken  as  negative  and  leading  kVAR  as  positive. 


Load 

kVA 

COS  ill 

kU 

WAR 

10 

1 

0 

in 

0 

(» 

80 

0.8 

0.6  - 

64 

-48 

40 

0.7 

0.714 

28 

_2m 

fata! 

UL' 

-  »2 

Total  kW  =102  Total  kVAR  =  -  19.4  (lagging)  ;  kVA  taken  -  ^102' +  i- 19.4.^  -  IttJ 
Power  fartor  -  kW/kVA  «  102/103.9  m  0.9822  (log I 

Example  14.4L  A  23-V.  .50  Hz.  l-ph  \uppl\  is  fretting  fitUtwmg  Itttuh  .vhirh  arr  ftmcird 
at  raw  d 

Ul   A  nunor  itmdttj4kW.  i).H  htf$hjgpj,       tiOA  rertifitr  of -<  k\V  aj  O.fHruUinii  pj 
< Ul  A  Usthtrtload  of  10  kVA  at  unity  p,f.        Uvl  A  pure  rapaamr  load  of  H  kVA 
Ih-immw    Total  kW.  Total  WAR.  fakd  kVA  d  HE  Nut-pur  I  nivtirsily  ISuv.  IWi 

Solution. 


S  No. 

item 

kW 

ff 

kv  \ 

WAR 

/ 

4 

1 

Motor 

4 

0.8  lag 

5 

3  -  ve.  Log 

21.74 

17.4 

13.04  Lug  i-j 

j 

Rectifier 

3 

0,6  Lead 

5 

4  +  ve,  Lead 

21,74 

17.4  UadHI 

3 

Light- Load 

SO 

1.0 

10 

43.48 

4  5  4K 

4 

Capacitive 
Load 

Zero 

0.0  Lead 

8 

8  +  vc  Lead 

34.8 

zero 

34.8  Leatf  (+) 

Tciai 

17 

Phasor 
Addition 
required 

+  9+  ve 
Lead 

Ptiasur 
udditiun 
required 

73.92 

39.16  Lead 
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Performing  the  calculations  as  per  the  tabular  entries  above.  Following  answers  are  obtained 
Totai  kW=  17 

Total  kVAR  =  +  9,  leading 

Total  kVA=  ^\72  +92  =  19,2354 

kW       17  17 
Overall  circuii  p.f,  =  =  ry^-  -  19_2354  "  0  8&4  leadl[5g 

Overall  Current  =  '  ^230  ^  =  S3 .63  amp 


/ 

l,=  39J& 

J,  =  73.92 

V  iHef.i 


Fig.  14.45  Phusor  diagram  for  currents  corresponding  to  toad 
Example  14.42.  A  three  phase  tndurtton  Motor  delivers  an  output  of  15  hp.  cit  S.t  «*  <y,'/r.  r  vir , 

The  mot'ii  h  d  tdtllai  connected  and  is  supplied  by  4<U)  V,  three  phuse.  50  H;  siuipl\.  Line  current 

drawn  hv  m»tot  u  22.36  Amp.  What  is  mutoe  power  fncttir  ? 

//  is  now  decided  to  improve  the  power  factor  to  (I. 9.1  lug  by  connecting  three  similar  capacitors 

in  Sella  across  the  supply  terminals   Determine  the  value  of  the  capacitance  of  each  cupa,  nor. 
/.Vtifc  j  I  bp,  =  745  wafts)  tHomhm  I  nivervity.  2(HHI> 

SO,U,iUn-         P°Wer  f3£t0r  *  Q.83xl.732Xx74^x  22.36  -  0  79 '  U^ 

0  -  eo$"'  0  79  -  37.8" 
1\  *     =  22.36/1.732  =12.91  amp 
^  m  lf  cos  *,  =  12.91  x  0.79=  10-2  amp 
cos  p2  =  0.95.  02  =  ISJT* 

J,  -  10.2/0.95  -  10,74  amp 
Capacitive  current  per  phase    =  /(  sin  0,  -02  sin  $? 

=  4.563 

Capacitive  reactance  per  phase  =  440/4.563  =  96,43  ohms 
Capacitance  per  phase  =  33  uf 

These  have  (o  be  delta-connected 

Lvampl*"  14.43.  Draw  admittance  triangle  between  the  terminals  A8  of  h;.,  I4.4f>  lot  labeling 
its  sides  with  appropriate  value*  and  units  In  ease  of: 


Active  Current 
New  power-factor 


in    .Vj  -  4  and  V.  =  S     (rr)  \,  =  )0aml\c  -  5 
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AO — -WAW- 


Snh„   <j) 


Or) 


z  _ 

*  I,'.-  - 

X,  = 


4fi,X(-=8£l 

jXL  jXc) 

j(XL-Xc) 
I  +  j  8  ohms 

l/Z^-  (1/65  )  -j  (8/651  mho 
\QLXX(  =  SQ 
jl0x{-;5)=  10 


j5 

1  —  y 10  ohms 
=  <  1/101) +j  (10/101)  mho 


!  'SO 


fteai  axis 


itvim 


Real  axis 


i.'ifn 


(r)  Admittance  triangle  for  first  case 

Fig.  14.4ft  I/O 
Hxumpk*  14.44.   fr"  the  circuit  in  riff.  14,47 
Ui).  jJniM  that  L  =  Q.IS9H 

C  =  QJMtlf 
/;  - 

V)  a  250  Z  VW"  veto 

r»i</  ;- 

lil  tnijh'iiitiii  r  Zr  u'j'f/j  if.s  tDin/MHientS- 
irri  Soun:v  wfougt  rri  the  form  oj  \'m  tas  fOdf  + 

*i 

l/Vii  Impeitanir  Z.  a-iih  tt.<,  wmpimrnts  .«» fto 
rr  p./     uniry.  without  adding  to  the  eln  uit 
pttn-er  /nil 


(ti)  Admittance  triangle  for  second  titxc 
Fi^.  14.46  (ft 


V,!  at  50  Hz 
Fis.  14.47  mi 


55M 


fix •)  Www  Mtc  in  the  anuit 
f  t J-  £)nm  the  ;ihaxi>r  diagram. 
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(a) 


Solution.  XL  -  314  x  0,159  =  50  ohms 

Xc  -   I/(3Hj<  0.3 1 83  x  10"3)  =  10  ohms 

V,//*,  m  O50  Z90°|  V  (50  Z  90°)  =  5  Z  0°  amps 

Xc  =  (5  Z  60°)  x  ( 10  -  Z  90°)  =  50  -  Z  30°  vails  =  43.3     23  volts 
/L-/1-5ZOc-5Z60D  =  5  +  j'0-5  (0.5  +  ./0.866) 
2.5  - /4.33  =  5  Z—  60" 
lKjjjf,  e  (50  Z  -  30°)  /  5  Z-  60°  s  10  Z+  30* 
1 0  tcos  30"  +  ;  sin  3(T)  =  S  56  +  j'5 
V,  +  V3  =  0/250  +  43.3  43.3  +  jf225 

229.1  Z  79. 1D  volts 

VV  has  ti  peak  value  of  (229.  \  X  Ji  -)  324  volts 
324  cos  (314  /  -  J  0.9°),  taking  f,  as  reference 
?25  cc»>  (314  f  -  79  . 1°),  taking  lL  as  reference, 
(rj  Source  Cjmerii  must  be  at  unity  P.f.,  with  Vr 

Component  of  I,  in  phase  with  Vt  -  5  cos  79,1°  =  0.9455  amp 
Component  of  lL  in  quadrature  with  V5  (and  is  Sagging  by  90*) 

-  5.00  x  sin  79.1"  =  4.9 1  amp 
Z,  must  carry  ln  such  that  no  power  loss  is  there  and  ls  is  at  unity  P.f.  with  VT. 
/,  1ms  Hi  he  capactiivc,  lo  compensate,  in  magnitude,  the  quatraiun:  component  of/, 
I  Jja  I  -  4.91  amp 

I  Z,  I  -  Vsl\la\  =  229,1/4,91  =46.6o  ohms 
Corresponding  capacitance,  C;=  I  /  (46,66  x  314)  =  68.34  uF 

id)  Power-loss  in  the  circuit    =      x  8.66  =  2 16.5  watts  or  power  =  Vs  x  component  of  l;  in 
phase  with  Vr  =  299.1  X  0.9455  =  216.5  watts 
id  Phasor  diagram  is  drawn  in  Fig.  14.47  (b) 


or 


k  - 

V,  = 

Zt  = 

v  = 


K  = 
v.  - 


Fig.  14.47  tb)  Phavur  diagram 
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Tutorial  I'mbltm  Nil.  14.1 

L  A  capacitor  of  50  |iF  capacitance  is  connected  in  parallel  with  a  reactor  of  22  ft  resistance  and  (1.07 
henry  inductance  across  200-V,  50-  Hz  main  J.  Calculate  ihc  tola]  current  taken.  Draw  the  vector 
diagram  in  explanation.  |4.7fV  A  lagging,  1 7" I I'l  i Dry  £  Gw/Ji/v.  /..wAw  ■ 

J,  A  non-inductive  resistor  is  connected  in  series  with  a  capacitor  of  I0Q  up  capacitance  across  200-V, 
50-Hz  mains.  The  p.d,  measured  across  the  resistor  is  T50  V.  Find  the  value  of  resi stance  and  the 
value  of  current  taken  from  the  mains  if  the  resistor  were  connected  in  parallel- wuti  rile  capacitor 
instead  !>f  in  series.  1 R  =  36.1  ft;  837  ft)  |C/ry  A  f?u^f.  f jjrtrfwj  > 

1  An  impedance  oM  10  +■  J15)  ft  is  connected  in  parallel  with  an  impedance  of  if>  -  j&fil.  Thi-  Mini 
current  is  IS  A  Calculate  the  total  power.  [3QM  W'|  (CTfv  A  Guilds.  London* 

4.  The  load  on  a  250-V  supply  system  is  ;  1 2  A  a!  <).#  power  factor  lagging  ;  10  A  at  (IS  power  factor 
lagging  :  15  A  at  unity  power  factor ;  20  A  at  O.fi  power  factor  leading.  Find  tf)  the  total  lead  in  kV  A 
and  (ii)  its  power  factor,  [u  i  10.4  kVA      I  0|  (City     Cttf&h,  London  I 

t,  A  voltage  having  frequency  of  50  Hz  and  expnessed  by  V  =  200  +  /  1 00  is  applied  to  a  circuit  consist- 
ing of  an  impedance  of  50  Z30°  ft  in  parallel  with  a  capacitance  of  10  pF.  Find  (a)  the  reading  On  a 
ammeter  connected  in  Ihe  supply  circuit  {h)  lite  phase  difference  between  the  currem  and  the  voltage. 

| if  i  4.52  \     Zto.t,       \  (London  University  \ 

6,  A  voltage  of  200"  Z30°  V  is  applied  to  two  circuits  A  and  B  connected  in  parallel.  The  current  is  A  is 
20  Z.W  A  and  thai  in  B  is  40  Z-3G°  A,  Find  the  kVA  and  kW  in  each  branch  circuit  and  (he  main 
circuit.  Express  the  current  in  the  main  circuit  in  the  form  A  +  }B.  (Cliv  <J  Guilds,  tendtmi 

[kVA,  =  4.  JcVA„  =  K.  k\\  =  12.  k\Ys  =  3.46,  kW|(  n  -J,  kW  =  *?_46.  I  =  44.64 -y  1««J 

[City  it  Guilds  Ltnuloni 

1,  A  coll  having  ait  impedance  of  (H  +  Jft)  Q  is  connected  across  a  200-V  supply.  Express  ihe  current  in 
the  coil  in  {>}  polar  and  iril  rectangular  co-ordtnaie  forms. 

Ifa  capacitor  having  a  susceptanee  of 0, 1  S  «  Ptted  in  parallel  with  the  coil,  find  {tfti  'he  magnitude 
of  the  current  taken  from  the  supr^  _  _  [<0  20  Z  36.K"A  Ui)  16  -  jli  k  (Ml  I7.»  A| 

.  .  (CJrjP  cS  Gniltlx,  i/?ndi>n\ 

S>  A  ocfl-A  of  inductance  80  inH  Bftfrbfertr**  120  ft,  is  connected  to  a  230- V.  50  Hi  single-phase 
supply,  in  parallel  with  it  is  a  16  pF  eapac  or  is  series  with  a  40  ft  non-inductive  resistor  8.  Deter- 
mine U)  the  power  factor  of  the  combined  circuit  and  (ii)  the  total  power  taken  from  the  supply. 

|u  i  Q.U45  k-nd  i  ii  i  473  W|  {Umdon  University  i 
%  A  choking  coil  of  inductance  0-OB  H  and  resistance  1 2  ohm.  Is  connected  in  parallel  with  a  capacitor 
of  120  jiF.  The  combination  is  connected  to  u  supply  at  240  V,  30  H?  Determine  Ihe  total  current 
from  the  supply  and  its  power  factor.  Illustrate  your  answers  with  a  pliasor  diagram, 

| 3,94  A,  0.943  bg|  (Umdon  University) 

10.  A  choking  col!  having  a  resistance  of  20  ft  and  an  inductance  of  (1.07  henry  is  connected  with  a 
capacitor  of  60  pF  capacitance  which  is  in  <r-rics  with  a  resistor  of  50  ft.  Calculate  the  total  current 
and  the  phase  angle  when  this  arrangement  is  connected  to  2(10- V,  50  Hx  mains. 

(7.15  \.  24 ".-»«'  r«K|  (dry  A  Guilds,  !jmdon\ 

11.  A  coil  of  resistance  15  ft  and  inductance  0.05  H  is  connected  in  parallel  with  ;i  non-induclive  resis- 
tance of  20  ft.  Find  in)  the  current  in  ench  branch  {b}  the  lota!  current  iri  the  phase  angle  of  whole 
arrangement  for  an  applied  voltage  of  200  V  at  50  Hi.  f>,22  A  :  I  OA  .  22. 1 "] 

12.  A  sinusoidal  50-H7.  voltage  of  21 K)  V  (r.m.s)  supplies  the  following  three  cirediu  which  are  in  parallel : 
ia)  a  coil  oF  inductance  0.03  H  and  resistance  3  ft  (A)  a  capacitor  of  4f)0  uF  in  series  wfth  a  resistance 
of  1  rjn  iJ  (ft  a  coii  of  inductance  0.02  H  and  resistance  7  ft  in  series  with  a  300  pi7  capacitor  Find  the 
total  current  supplied  and  draw  a  complete  vector  diagram.  [2n.4  VI  (Sheffield  Univ.  U.K.] 

13.  A  50- Ht,  250- V  single- phase  power  line  has  the  following  loads  placed  across  it  in  parallel  :  4  kW  al 
a  p  i.  of  0.8  lagging  ;  6  kVA  al  a  p.f.  of  O.fi  lagging;  5  kVA  which  includes  1.2  kVAR  leading. 
Determine  die  overall  p.f,  of  the  system  anil  the  capacitance  of  die  capacitor  which,  if  connected 
across  ihe  mains  would  restore  the  power  factor  to  unity.  |  II.S44  lap  :  J3n  pi  'I 

14.  Define  the  terms  admittance,  conductance  and  susceptanee  with  reference  to  aliemuting  current  cir- 
cuits. Calculate  their  respective  values  for  a  circuit  consisting  of  resistance  of  2012,  in  series  with  an 
inductance  of  0  07  H  when  the  frequency  is  50  Hz.  10J36  S,  11.0226  S.  0.ll24«  -S| 

(City  &  Gtiiids.  Lutukmt 

15.  Explain  the-  terms  admittance,  conductance,  susceptanee  as  applied  to  a  c.  circuits.  One  branch  A,  of 
a  parallel  circuit  consists  of  a  coil,  the  resistance  and  inductance  of  which  are  30  ft  and  0, 1  H  respec- 
tively. The  other  branch  fl,  consists  of  n  100  fiF  capacitor  in  series  with  a  20  ft  MOOT.  If  the 
combination  is  connected  240- V.  Hz,  mains,  calculate  U)  ihe  line  cunem  and  (j'O  the  power.  Draw  to 
scale  a  vector  diagram  Off  the  supply  current  and  the  branch-circuit  currents. 

in  7.3H  a  iu>  1740  \\  |  {City  <t  Guilds.  London) 
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\<i.  Find  the  value  of  capacitance  which  when  placed  in  pantile!  with  a  coil  ol'  resistance  22  £1  and  induc- 
tance of  (1.07  H.  will  make  if  resonate  on  a  50-Hz  circuit.         1 72,33  pF|  iCity  <£  Guilds.  Ijmdrin) 

17.  A  parallel  circuit  has  two  branches.  Branch  A  consists  of  u  coil  of  inductance  0  2  H  ami  a  resistance 
i>t'  15  fl ;  branch  B  consists  of  a  30  mF  capacitor  in  scries  with  a  It)  ft  resistor.  The  circuit  so  formed 
is  connected  to  a  230- V,  50- Hz  supply.  Calculate  (al  current  in  each  branch  {b\  line  current,  and  its 
power  factor  (c)  the  constants  of  the  simplest,  series  circuit  which  will  lake  ihe  same  current  at  the 
same  power  factor  as  taken  by  the  two  branches  in  parallel. 

|3.S7  A,  2.16  A  :  1.67  A,  0.616  l«K.  8.48  C2.  0J4$  II  | 

18.  A  3.73  kW,  I -phase,  200- V  motor  runs  at  an  efficiency  of  75%  with  a  power  factor  of  0.7  lagging. 
Find  [a)  die  real  input  power  lib)  the  kVA  taken  (/■)  the  reactive  power  and  (d)  (he  current  With  the 
aid  of  a  vector  diagram,  calculate  the  capacitance  required  in  parallel  with  I  he  motor  to  improve  the 
power  factor  to  0.9  tagging.  The  frequency  is  50  Hz. 

[4.97  k\V  ;  7.1  k\  A  ;  5.07  kVAK  ;  35.5  A  :  l\2\l¥] 

19.  The  impedances  of  two  parallel  circuits  can  be  represented  by  (20  +- yi5|  and  (  I  -/W))  Li  respectively. 
If  the  supply  lrei|uency  i.s  50  H/..  find  (he  rcMslanec  ami  the  imlucUnct;  urciipHcilajice  of  each  circuit. 
Also  derive  a  symbolic  expression  for  the  admittance  of  the  combined  circuit  and  then  find  tlie  phase 
angle  between  the  applied  voiiagc  and  the  resultant  current.  Slate  whether  this  current  is  leading  or 
lagging  relatively  to  the  voltage.  |2tl  Q;  H.047N  H;  ill  O;  53  pi;  iO.«J47  -  j  U3Hr77K>S.  I2"38'  lug| 

20.  Ore  branch  A  of  a  parallel  circuit  consists  of  a  60-n_F  capacitor.  The  other  branch  ff  consists  of  a  30  Si 
resistor  in  series  with  a  coil  of  inductance  0.2  H  and  negligible  resistance.  A  !40  Si  resistor  is 
connected  in  parallel  with  the  coil.  Sketch  the  circuit  diagram  and  calculate  (i)  the  current  in  the  30  Si 
resistor  and  (it)  the  line  current  if  supply  voltage  is  230- V  and  the  frequency  50  Ht~ 

Z-44"Uri.\l  £4ttM 

21.  A  coil  having  a  resistance  of  45  Si  and  an  inductance  of  04  H  is  connected  in  parallel  with  a  capacitor 
having  a  capacitance  of  20  u.F  across  a  230- V.  50- Hz  system.  Calculate  (a} the  current  taken  from  the 
supply  (b)  the  power  factor  of  the  combination  and  (r)  the  total  energy  absorbed  in  3  hours. 

| f<i)  0.6 IS  th  \  0.951  fri  0.4112  kWh]  {London  University) 

22.  A  Maries  circuit  consists  of  a  resistance  of  10  Si  and  reactance  of  5  il.  Find  the  equivalent  value  of 
iXmdticiariue  and  susce prance  in  parallel.  |*Ur8  S,  II.IJJ  S| 

23.  An  alternating  current  pusses  ifaough  a  non-induciive  resistance  X  and  an  inductance  I.  in  aerie*.  Hnd 
the  value  of  the  non-inductive  resistance  which  can  be  shunted  across  the  inductance  without  altering 
ihe  value  of  the  main  current.  \&'lJ/2R\iE[ec.  Meat.  London  Univ.  I 

24.  A  p.d.  or  200  V  at  511  Hz  is  maintained  across  the  terminals  of  a  series-para  I  id  citru.ii.  of  winch  Hie 
series  branch  consists  of  an  inductor  having  an  inductance  of  0. 1 5  H.  and  a  resistance  of  30  iX,  one  the 
parallel  branches  consists  of  100-ui^  capacitor  and  the  other  consists  of  a  40-11  resistor. 
Calculate  In)  the  current  taken  hy  the  capacitor  (ft)  the  p.d.  across  the  inductor  and  <<■)  the  phase 
difference  of  each  of  these  quantities  relative  io  the  supply  voltage  Draw  a  vector  diagram  represent- 
ing the  various  vohage  and  currents.  \{ti.t  211.5  A  \  hi  2 10  V  (,< ■>  7-25",  26,25" \{Ciry  &  Guilds,  hwdrm) 

25.  A  cm' I  i.A )  having  an  inductance  of  0.2  and  resistance  of  3.5  11  is  connected  in  parallel  with  another 
coil  tli'i  having  an  inductance  of  0.01  H  and  a  resistance  of  5  IT  Calculate  Oh  he  current  and  Ui)  the 
power  which  ihese  coils  would  take  front  a  L00-V  supply  system  having  a  frequency  of  50-H>„  Cal- 
culate also  fj'rV)  the  resistance  and  [ivy  the  inductance  ol  a  single  coil  which  would  take  the  same 
currem  ami  pow  er  1 1 1 1  29.9  A  1 il  >  2 1 1 6  W  i  u j  2.365  CJ  1  r  v  i  0,01175  i  H  |  (London  Urn  v. ) 

26.  Two  coils,  one  (A  >  having  fi±;ai,  =  O03 1  H  and  the  other  [iff  having  ft  -  7Si  ;  L  =  O023  tt,  are 
conned  cd  in  para  lift  kkiiiil.  .supply  at  200  V,  51)  H/_  Determine  0)  the  current  taken  by  each  coil 
and  also  Hi)  the  resistance  and  OH)  the  inductance  ol  a  single  coil  which  will  take  the  same  total 
currem  at  the  same  power  factor  as  the  two  coils  in  parallel 

111)  lA  =  18.28  A,  lH  =  19.9  A  Oil  3.12  Si  On)  0.11137  ll|  (London  Univ. ) 

27.  Two  coils  arc  connected  in  paiaLi.;  .»  mss  2<H)-V,  50-11/  mains.  One  coil  lakes  0.8  kW  and  1,5  kVA 
and  the  other  coil  takes  1 .0  kW  and  0.6  kV  AR.  Calculate  f  A  the  resistance  and  ($)  the  reactance  of  a 
single  coil  which  would  lake  the  same  current  and  power  as  the  original  circuit 

|m  10,65  a  tri)  11.08  SlUCity  d  Gudds,  Uwdw) 
2Jf.  An  a.c.  circutis  eons-ists  ol"  two  parallel  branches,  one  [A)  consisting  of  a  coil,  forwhieh  R  =  20  tl  and 
L  =  0.1  H  and  the  orher  (B)  consisting  of  a  40-i'i  non-miluct]  ve  resistor  in  scries  with  60-nF  capacitor. 
Calculate  it)  the  current  in  each  branch  ixil  ihe  line  current  (iiii  the  power,  when  the  circuit  is  con- 
nected lo  230- V  mains  having  a  fuecjuency  t*f  50  Hi.  Calculate  also  Ov)  the  resistance  and  (hi  die 
inductance  of  B  Single  coil  which  will  take  the  same  cunrent  and  power  from  the  supply, 

|o  i  6.15  Af  3.46  A  tfftSJM  (iril  12J5  W  \.m  35.7  SI  .^.031509  WMUmdim  Univ.  I 
-9.  One  branch  iA)  of  n  parallel  chcuM.  connected  to  Z311-V,  50-Hz  mains  consists  of  an  inductive  coil 
IL-11. 15  Hh  Jf  =  44)  12)  and  ihe  other  branch  (J3lconsisis  of  a  capacitor  (C  =  50  |iF)  in  series  with  a  45 
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iJ  resislui  Otennine  in  [he  [Knver  Taken  \  \  lhe  resistance  arid  (i'0  ihe  reactance  of  the  equivalent 
series  circuit  |u»  W*  W  1/7 1  55.4  Q  tin  i  4.6  fi]  (Ltrndon  Uim  j 

14.9.  Resonance  hi  Parallel  Circuits 

Wc  wilt  consider  the  practical  cast  ut'a  coil  in  parallel  with  a  capacitor,  as  shown  in  Fig.  14.48. 
Such  a  circuit  is  said  to  be  in  electrical  resonance  when  the  reactive  for  wattless)  component  of  tine 
current  becomes  zero.  The  frequency  at  which  this  happens  is  known  as  resonant  frequency. 

The  vector  diagram  for  this  circuit  is  shown  in  Fig.  14.48  (fc). 

Net  residue  vi  unities*  compiuiem  =  !v  -  lt  sin  <)>, 

As  at  resonance,  its  value  is  /.era,  hence 
lc  -  lL  sin  ()>£  =  0  or  IL  sin  tyL  » lc 


fail 


Now.  /,  =  VIZ,  sin  4>t  =  XL  and  lc  =  VfXc 
Hence,  condition  for  resonance  becomes 

Z     Z  Jf,. 


or  XtxJft.sZ" 


Now,  A',  a  inf.,  AV  a  — — 


wC 


=  7: 


or 


Ji  =  /r  +  x,;  -  R2  +  (2j?rL): 
c 


Fig.  14.4H 


c  _jR 


in 


This  is  the  resonant  frequency  and  is  given  tn  Hz  in  J?  is  in  ohm.  L  is  the  henry  and  C  i*  the  farad. 

I 

If  ft  is  the  negbgible.  then  fQ  a  2KJ{L£\ 

...  same  as  for  series  resonance 
Current  at  Resonance 

As  shown  in  Fig.  14.41  j/>j,  since  wattless  component  of  the  current  is  rem.  the  circuit  current  is 
V  R 


I  =  lL  cos  <J>£  - 


or  I  -  — r  , 
Z  Z2 


Putting  the  value  of  7'  =  UC  from  CO  above,  we  get  /  =  -j-Jq 


LICH 

The  denominator  UCR  is  known  as  the  equivalent  or  dynamic  impedance  of  the  parallel  circuit 
at  resonance.  It  should  be  noted  that  impedance  is  "resistive'  only.  Since  current  is  minimum  at 
resonance,  1JCR  must,  therefore,  represent  the  m;iximnm  impedance  ol  the  circuit   in  fact,  purullei 

resonance  is  a  condition  of  maximum  impedance  or 
minimum  admittance. 

Current  at  resonance  is  minimum,  hence  such  a  cir- 
cuit (when  used  in  radio  work  I  is  sometimes  known 
as  rejector  circuit  because  it  rejects  (or  takes  mini- 
mum current  uf)  that  frequency  to  which  it  reso- 
nates. This  resonance  is  often  referred  to  as  current 
resonance  also  because  the  current  circulating  be- 
tween the  two  branches  is  many  times  greater  than 
the  line  current  taken  from  the  supply 
The  phenomenon  of  parallel  resonance  is  of  great 
practical  importance  because  it  forms  live  basis  of 
tuned  circuits  in  Electronics. 

The  variations  of  impedance  and  current  with 
frequency  are  shown  in  Fig.  14.49.  As  seen,  al 


-IMtUOTTVt 


- 1.  M'-v.im  t: 


likctricui  t tiitiuihfiv 


reionatit  frequency,  impedance  is  maximum  and  equals  UC'R.  Consequently,  current  at  resonance  is 
minimum  and  is  =  VI  {UCR).  At  off-resonance  frequencies,  impedance  decreases  and,  as  a  result, 
current  increases  as  shown, 
-Vlternutive  Treatment 


I 


R  +  jX, 
ii 


J±  j 

+  xi  J 
I  x 


1 


-jxc 


j 


*f  R2+Xt 


Now.  circuit  would  be  in  resonance  when  /-component  of  ihe  complex  admittance  is  zero  le. 


when 


Xe   fr  +  x, 


=  U  or 


!  [ 


R  +  X) 


1 


or  XLXL-  =  ft*X! =  Z~ 

Talfcing  in  terms  of  sl  seep  Lance,  the  above  relations  can  be  put  as  under 


-as  before 


inductive  susceptance  BL  ~ 


RA  +  X' 


capaeitive  susceptance  Bc  =  — 


Net  susceptance  B  =  (flc -  RL)  . .  Y  =  C  +  j  {Bc  -  BLi  =  G+jB. 
The  parallel  circuit  is  said  to  be  in  resonance  when  B  m  0. 


B^-JJi  =  0  or 


The  rest  procedure  is  the  same  as  above,  it  may  be  noted  that  at  resonance,  the  admittance 
equals  the  conductance 

14.  HI.  I,i;i|itiii  KvpivsentaluiH  of  Parallel  Resonance 

We  will  now  discuss  the  effect  of  variation  of  frequency  on  the  susceptance  of  the  two  parallel 
branches  The  variations  are  shown  in  Fig  14.50. 

(i)  Inductive  MMWplUMSV  :  h  =  -  BXL  =■  -  \!2stfL 

It  is  inversely  proportional  lo  the  frequency  of  the  applied  voltage.  Hence,  il  is  represented  by 
13  rectangular  hyperbola  drawn  in  die  lnuub  quadrant 
i .'.  it  is  assumed  negative). 

Hi)  t'lipaciliw  Miseeptiiiite  ;  b  =■  \IXC  —  OlC  = 
2n/C 

h  increases  with  increases  in  the  frequency  of  the 
applied  voltage.  Hence,  it  is  represented  by  a  straight 
line  drawn  in  the  first  quadrant  (it  is  assumed  positive). 
[///)  Net  Siisceptanec  h 

It  is  the  difference  of  the  two  suseepianees  and  is 
represented  by  the  doited  hyperbola.  At  point  A,  ncl 
susceptance  is  zem,  hence  admittance  is  minimum 
(and  equal  to  G).  So  at  point  A.  line  current  is  mini- 
mum, 

Obviously,  below  resonant  frequency  (corre- 
sponding to  puini/V),  inductive  susceptance  predomi- 
nates, hence  line  current  lags  behind  the  applied  volt- 
age. But  lor  frequencies  above  the  resonant  frequency, 
capaeitive  susceptance  predominates,  hence  line  cur- 
rent leads.  3 
14.11.  PtiinLs  to  Remember 

Following  points  about  parallel  resonance  should  be  noted  and  compared  with  tJhose  about  sc- 
ries resonance.  At  resonance. 


Fiji-  14.5" 


I     net  susceptance  is  zero  i.e.  \iXf 
2.    the  admittance  equals  conductance 


xjz- 


or  XL*XC=Z" 


or  UC  =  Z' 
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3.  reactive  or  wattless  component  ft  line  Lurreni  is  icm. 

4.  dynamic  ifTp—Ht"*  =  UCR  uhm. 

5     line  current  ai  resonance  is  minimum  and  =  — ^ —  but  is  in  phase  with  the  applied  voltage. 

L  f  CR 

6.    power  factor  trf  the  circuit  is  unity. 
14.12.  Bandwidth  uf  a  Parallel  Resonant  Circuit 

'the  bandwidth  tit  a  parallel  circuit  is  defined  in  the  same  way  as  mat  for  a  series  circuit.  Tins 
circuii  also  has  upper  and  lower  half-power  frequencies  where  power  dissipated  is  half  of  that  at 
resonant  frequency. 

At  bandwidth  frequencies,  the  net  susccpluncc  B  equals  the  conductance.  Hence.  al/„ 

8  =  Bcz  -  Bn  =  G.  At/| .  B  =  Btt  -  Bn  ~  G.  Hence.  Y  =  <Jg2  +  B2  =  ^JTg  and  0  =  tan  1  (H/<7)  = 
tan"1  I IJ  =  45*. 


zero 


However,  at  off-resonance  frequencies.  Y  >  G  and  B,-  *  B,  ami  the  phase  angle  is  greater  than 
Comparison  nf  Series  and  Parallel  Resonant  Circuits 


item 

stria  circuit  (R-L-C) 

parallel  circuit 
(R-L  ami  C) 

Impedance  at  resonance 
Current  at  resonance 
Effective  impedance 
Power  factor  at  resonance 

Resonant  frequency 

It  magnifies 
Magnification  is 

Minimum 
Maximum  -  V/R 
R 

Unity 

Voltage 
taUR 

Maximum 

Minimum  =  VH.UCR) 

UCR 
Unity 

1    |f  1  R2) 
Current 

Coil 


14.1 3.  Q-futtor  of  a  Parallel  I'ircuil 

li  is  defined  as  the  ratio  of  the  current  circulating  between  its  tvio  prancliei  10  the  line  current 
drawn  from  the  supply  or  simply,  as  the  current  magnification.  As  seen  from  Rg.  14.51.  ihc  circu- 
lating current  between  capacitor  and  coil  branches  is  tc 
Hence  ^-factor  s  IJI 
No* 
and 

V_        (at  „  Ifif  I. 

R  = 


Ic  =  VJXC  =  Vfit/itiC)  -  wCV 
te  =  VHUCR) 


:.Q-  factor  =  wCV  + 


UCR     R  R 
=  tan  Q  (Same  as  lor  series  circuit! 
where  |  ts  the  power  factor  angle  of  the  coil 

Now.  resonant  frequency  when  R  w  negligible  iv 


-I 


1 


v 

-Q— 

Kit!.  14.51 


Pulling  this  value  above,  we  gel,  £>-factor  = 


2x£ 


1 


It  should  be  nuted  that  m  series  circuits,  Q-faeXnr  gives  the  voltage  magnification,  whereas  in 
parallel  circuits,  it  gives  the  current  magnification. 


R 


Again, 


£?=  In 


maximum  stored  energy 


energy  dLssipalcd/cvcIc 

1  Aampk  14.45.  A  capacitor  n  connected  in  parallel  with  a  coil  havmf{  L  =  5.52  mH  and 
R  =  10  Q.  to  u  I00-V,  50*Hz  utpph.  Calculate  the  value  at  the  cuptuitam  c  for  which  the  current 
taken  from  the  xupply  u  iii  plia.n  h  ifh  rnltage.  (Klect,  Muchinrc,  A.M.LE.  Set  B.  I°92l 


55fa  ilrvfhcui  J'rchnohg\ 

Solution.  A)  resonance.  UC  =  Z*  or  C  =  UZ2 

Xt  =  2*  *  50x5.52  x  10  '  =  1.734  a  Z2  =  1Q2  +  1 .734*  =  10.1  ft 

C=5.52x  10  3/lD.l  =5J.ou>- 

Kxunipk'  14.4b.  Ciilntltite  the  unprdam'e  ,'flhr  parollri  turned  i  if,  ml  as  shown  m  Fi>;  N.52 
utdjn'qtiftu-Yiit'vMtkH:  uudt<>r  btiruhuo'tli  W  op,  m^nu  cptul  to  2<fkll:  Hw  rc\i\t<ntn-  <>l  thr  mil 
t.t  5^  <  ircuit  and  Fkld  Thuiry.  AJfJJL  Bbe.  B.  I»93) 

Solution.  At  resonance,  ciicuil  impedance  is  UCR.  We  have  been  °~ 
given  the  value  of  J?  bin  that  of  L  and  C  has  10  be  found  from  Lie  gi  ven 

daui 

flu/  -   JL  20x10?  =—5—    or   L  =  39uH 
2seZ.  2nx£. 


:5n 


•  ""  2k  V  ^    £2  ™  2n  ^39  x  jq^C  "  (39  x  JO-6)1  14  52 

/.     C  ■  2.6  x        F.  Z  =  I/C*  =  39  x  10~*/2.6  x  JO**  xS=3x  Iff1  Q 

Example  14.47.  An  ituiucmv  are  mi  oj  rvsutatwf  2  ohm  ami  inductance  0.01  H  is  rtmuvied  to 
ii  250-V.  5(f-H:  uippt\    Whm  captH'iitwe  placed  m  ptiratlet  will  produce  monuna 
Fuuf  the  irttoi  (  urrem  taken  fnim  tin-  tupph  ,ttui  the  r  urrem  ui  the  bran,  h  in,  uit.\ 

)  Elect.  EngitiftTuiK-  KcitjIh  Univ.  I987i 
Solution.  As  seen  from  Art.  14.9,  at  resonance  C  -  UT 

Now.      R  =  2  a  X.L  =  314  x  0.01  =  3.14  ft  ;  Z  =  jl2  +  3.14J  =  3.74  ft 

C  =  O.Ot/3.742  =7 14  x  10"*  F  =  7 14  jjJ  ;  /^  =  250/3.74  =  66.83  A 
tan  4^  =  3.14/2=  1.57  ;$t  =  tan"' <  1.57)  =  57 .5" 
Hence,  curnrm  in  fi  t  branch  lug*  the  jpplied  collage  by  57.5" 

fr  =       =  — 5^—  =  o>VC  =  250  x  314  x  714  x  10^=  56.1  A 
c      Xr  IKaC 

This  current  leads  the  applied  voltage  by  90°. 

Total  current  taken  from  the  supply  under  resonant  condition  is 

/  =  /w  «»  *(.  -  66  83  cos  57  *  =         *  03373  =  35.9  A  (or  /  =  ^  ) 

Example  14.48.  active  and  reaitnr  <  otnpiwrn/1,  ot  the  nurem  taken  ov  .j  vni'i  eimdi 

Cortii*tin$  ufa  fvtl  "f  inductance  0. 1  iu-in  ■>  tuui  reustamv  H  iltwda  ctftai  itut  "I  1-0  [LF  ^uwunittl 
lou  240  V.  50-Hz  supply  twins.  Find  tilt  value  of  the  capacitor  llml  lias  u>  by  • /nun, .ltd  m  fturaflrl 
H  itii  tht  oi>ii\  f  jfMc.v  ciii-uit  .u>  that  thr  p.f.  of  litr  entire  i  irruil  Is  unity. 

I  Fleet.  Technoh»uy,  Mysore  Univ.  I«K6| 

A.luii.io.  XL  =  2  n  *  50  x  0. 1  =  3 )  .4  11  Xc  =  UtssC  =  \f2n  x  50  x  120  *  IG""  =  26.5  ii 

X  =  XL-  Xc  -  3. 14  -  263  =  5  O,  Z  =  Jnr  +  S2)  =  9.43ft  ;/  =  V7Z  =24W9.43  -  25 .45  A 

cos  )  =  »Z  =  8/9.43  =  0**8.  sin  <i  =  X/Z  -  5^.43  ■  0.53 
active  component  of  current     -  I  cos  $  =  25.45  x  0.848  ^  2 1 ,58  A 
rcuctivc  coinptuieiit  ol  current  -  /  sin  ^  =  25.45  K  033  =  13.49  A 
[.et  u  capacitor  of  capneitanev  C  be  joined  in  primllr!  ucross  ihi:  circuit. 

Y  -  Y.  +  Vn=  — +  — ! —  +  — ! — 

1     *   z>   z,  8+  ys  -/Jf,. 

=  *"x~  =  0.0899  -/0.056  +  ^  .  m  0.0899  +  ;  (UXC  -  0.056) 

Foi  p.f.  to  be  unit  ,  the  /-component  of  Y  must  be  zero. 
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J-  -0,056  =  0   or    UXr  =  0.056    or   taC  =  0.056  or  2*  x  5QC  =  0.056 

C  -  0.056/ 100k  *  ISO  x  10"*  F  -=  1NQ  uE" 
Example  14,4M.  ,4  iv»W  t>j  rrxwtanc*  20 LI  and  usdut  tunt  e  20fl  \lH  is  in  (wrulM  mlh  t>  variable 
raptn  tinr.  Jinx  tvmbtmntm  ts  iti  series  M  uh  u  remtot  nl  HO00  il  J7ic  vttltaxr  »!  tiw  supply  i\  2tX) 
Y  as  afrrtiwncy  nf       W,  I'lilctdaw 

it)  the  value  oj  C  to  give  resonant*!       |  ti)  the  (J  of  the  mil 
Uii)  the  rurrriit  in  i'm  h  hmtuh  t>)  thv  rtn-uil  at  resonance  Similar 

i Similar  Question  :  ltoinha.>  Univ.  20tMh 

vnhniun.  The  circuit  is  shown  in  Fig.  14,53. 
XL~?jtfL~  2k  x  10*x200x  UT*  =  1256  ft 
Since  coil  resistance  is  negligible  as  compared  to  iti  80000 
reactance,  the  resonant  frequency  is  given  by 


■  Wr- 


f  -  1 

10*  =   ,  1 

2n  ^2O0xJ0"6xC 
{/)         f  =  125  U.F 

M  °  =  ^-=  20  


*  ii  i  \ 


62.8 


(Hi)  Dynamic  resistance  of  (he  circuit  is  =  — — -  m 


200  it  10" 


*  o — 
I0frlk 

Fig.  14.5,* 


-  80.000  £i 


1 25x10""*  20 

Toul  equivalent  resistance  of  the  tuned  circuit  is  80,000  +  8,000=  88.000  SI 

1-5 


Current 


/  -  2fXV88,OTJO  =  2.27  mA 


p.d.  across  tuned  circuit  -  current  k  dynamic  resistance  -  2,27  k  10    x  80,000  -  1RL.6  V 

1 8 1 

Cturerl  through  inductive  branch  = 


Tio7 


=  0.1445  A=  144.?  in  A 


+  1256" 


Current  through  capacitor  branch 

-  — - —  =  taVL  —  IS  1 .6  x  2k  x  lO6  x  125  x  10"11  =  1417  ntA 
1/WC 

Sole,  It  may  be  noted  in  passing  that  current  in  each  brunch  is  nearly  62.8  {It  Q- factor)  limes  the 
msuliani  curreni  [aken  fn>m  the  supply. 

Example  14,50.  Imprdnni'ci  Z~  and  Zi  in  parallel  tire  in  xenrx  with  and  impniume  Z.  mrmi 
u  100-  V,  SO-Hz  nr.  supply.  Z,  -  16.25  +  ;  1,25)  ohm  .  I,  m  \5  +  /fit}  ohm  and Z,  mfS—Jj  Xcl  ohm 
Determine  the  value  rtf  caput  ituiue  qfXc  suth  that  tfir  total  current  of  the  iihuil  wit  he  in  phu\r 
with  the  lata!  Htttage.  When  is  then  the  cinuit  trurtrni  and  power  ' 

(Elect,  fcngg-l.  iViigpur  L'nlv,  1992 1 

5  (5  -  fX  ) 

Solution.  Z-,,  — ^ — '— i- .  for  the  circuit  in  5 
flO-  ]XC\ 

Fig.  14.59. 

1^  -  J5XC    10*  jX(     250  +  5^  _  ,  25iyr 
"f!  o  -  jxc  i x  10  +  JXt  =  ioo  +  X I    J 100  +  Xl 


Z  =6.25  +  j  115  4  250  -  5Xf  -  j 


\m  +  x: 


100+  x 


^250^ 
100+  xl 


7  \ 


25XC 


6.25  £i    1 .25  ft 


z. 

s  a  *c 
 1| — 

IDW  a  , 

ioo  +  xl  * 


Kig.  14.54 


lilectricat  Tcchmdogy 

Power  factor  will  be  unity  or  circuit  currem  will  be  in  phase  with  circuit  voltage  if  the }  term  in 


the  above  equation  is  zero. 


25Xf 


100+  xi 


=  0  or  Xc  =  10 


UoaC=  lOorC^  1/31  +  x  10-  m  jiF 

Substituting  (he  value  of  Xf  -  10  Q  above,  we  get 

Z=  10-/)=  IOZOaandJ,=  100/10=  10  A  :  Power  Ti?  =  |0:  x  10=  |u0l)  \V 

Example  14.51.  in  the  circuit  given  beU>\\.  tf  i lie  value  of  H  «  <JL/C  .  Own  )>ri>\c  rluu  Ow 
impedance  >>f  the  entire  t  trctai  r  r  equal  i<>  R>  mix  ami  r.v  aulependent  of  tlie  frequency  of  supply,  hind 
lite  culm-  (if  impedance  fur  L  =  0.02  H  and  C  =  /(JO 

i  < mi  1 1  iiiin  it.  ill  ion  System.  Hyderabad  L'ntv.  I     1 1 

Sahiii<i».  The  impedance  of  the  circuit  of  Fig.  14.55  is 

z_  lr?  +  jtaLHR- J/soCi  _  R1  +  iL/Cl*  JR  (qjL-I/biO 

1R  +  j\ aiL  -  1/toT)   =       2R  +  j\  cut  -  I  /<oO 
UfT  =  UC  or  R=  717c. then 


z=  R         +  jRHoL-lltoC) 
2M  + fttaL-  1/ojCl 
2R  +  jitoL-  1/oKTl 


=  fi 
Now 


2/f  +  j((i)L-l/ti)C) 


no: 


I'HK  10" 


or   Z  =  R 

=  14.14  n 


K 

I  AW^ 


-o  V  o- 


FIr.  14  « 


t  vanillic  14.52.  Heme  tin  ripn-Mtiw  jar  the  natmmtt  frvquenrv  of  the  {HinttM  \-\nnit  \hom\ 
hi  Fur  N  #  iKIectrical  Cirxuit.  Nu«pur  UnK  1»3| 

Solution.  As  staled  in  Art.  14.<J  for  resonance  tit  a  parallel  circuit,  total  circuit  susccpLancc 

^aa  mflp- 


should  he  zero  Suweptance  of  the       branch  is 
fl,  = 


Similarly,  suscentanec  of  the  R-C  branch  is 


Nel  susceptance  is  B  =  -  fl,  +  fl, 
l-i  n  refinance  /J  =  1.1  or  0  =        i  B2 


Fig.  1 4.5ft 


or 


1A_  =. 


or   Xj,  f/f:3  +  ,Yt?  I  =  Xc  <R?  +  X,2) 


7*  =  2*" 


cr; 


LC(L-CRi\ 


l  -  cr: 


Sine-  If  both  R.  and  R,  arc  negligible,  liicn  /  =   f= 

Kumplr  1-1.53.  Calculate  the  pMMMfftf  frri/urtt,  n)  sue  nrca  ork  i/ir.iH7i  r;i  Tijf  W57 
Sululion.  Total  impedance  of  the  network  hciwecn  terminals  A  and  B  is 


l-cr:  I 

-as  in  Ait  14.9 
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55^ 


ft;-  +  urr 


At  resonance,  to  =  u^  and  the  j  term  of      is  zero. 
R^L  ftj  


ft,  +  jXL  *  ft;  -  jA'c  "  ft,  +  jftot    /lj  -  y/toC 


+  / 


ftj1  +  Dfl£z?  (%C(Rj 
Simplifying  the  above,  we  gel 


=  0 


i 


A 


1    1 

L 

c 

1  iQgt  i 

1  If  1 

I 

-c 


c:-c/l 


i 


where  C,  =  —  and      -  — 


Fig.  I4^T7 


LC(G;-CIL)  "i 
The  resonant  frequency  of  ihc  given  network  in  Hz  is 

LC  (G;  -CIL) 

Example  1434.  Compute  the  value  of  C  which  results  in  resonance  for  tin  unsuU  shown  in 
Fig.  14.58  MKM/a  2J0f*ft  H;. 


solution.  V,  =  1/(6  +  ySs 
V?  =  I  i4-/Xr> 


V  =  Y,  +  V,  = 


I 


I 


=   0.06  + 


6  +  yS 

4  ^ 


16  +  .v; 


J 

f 


jXc 
16 +  X] 


-  0.08 


i 


m  ui=  i 


Fig.  14  5S 


Fig.  \4S» 


For  resonance,  j  pan  of  admittance  is  zero,  i,e.  the  complex  admittance  is  real  number. 
. .    Xvl  ( 16  +  X*)  -  0.08  =  0    ur    0.08  X$  -  Xr  +  1.28  =  0 

Xc  m  UJJ5   or    1.45    .-.    IHttC  =  1 1 .05   or  1.45 
(ii    lrtOOOC=U  05    or    C=18jlF    fj7i  1/5000  C=  1.45    or  C=t38|lF 

Example  1435.  hind  the  valuta  of  R ,  and  ft,  which  will  make  the  circuit  of  fr  ig.  t4JS9  resimau 
at  all  frrtfuencifj.  ^ 

Solution.  As  seen  from  Example  1442.  the  resonant  frequency  of  me  given  circuit  is 


%  - 


CR; 


2 


Now,  (%  can  assume  any  value  provided  if,"  =  ft,~  -  L/C. 

In  the  present  case.  L/C  =  4  x  10"  V60  x  10""  =  25.  Hence  ft,  =  ft..  =  ;25  =  5  olim. 
Tuiitrinl  Problem  No.  14.2 

I.  A  resistance  of  20  W  and  a  coil  of  inductance  31,8  mH  and  negligible  resistance  axe  connected  in 
I  turn  [Id  acnits  2W  V,  51)  Hf  supply.  Find  <i)  The  line  current  l/i)  puwei  f^Iiw  ,ind  lu'/j  Tin-  puwer 
consumed  by  the  circuil.     lit)  25. 7$  \     ■  0,44  7  lag  di/>  Z  24*  %V|  (F,  £.        l/wr.  Afav 

L  T*tf  impedances  2,  =  (]50  */I57j  ohm  wul  Zj=  il00  +/  HO)  ohm  ait  connected  in  parallel  VCfdH 
n  220-V,  50-Hir.  supply.  Find  [he  tiital  curnirti  aikl  its  rutwer  factor. 

(24  Z  -  47*" A  ;  OAS  dae)]  tEfm.  Enj^.  4  Ebirutiu  i  fltingutmrr  Umi  Mil 
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li   Tw'o  impedances  1 14  +  /5  it!  anil  1 1 X     101  U  anf  con rtecied  m  parallel  across  j  200- V,  50-H/.  suppK 
Determine  ia\  the  admittance  of  each  branch  and  of  the  entire  circuit ;  (h\  the  (otal  current,  power,  and 
power  r'aetur  and  if)  "he  capacitance  which  when  connected  in  parallel  with  I  he  original  circuit  will 
mike  the  resultant  power  factor unity  1 1« >  0UK.34    JO.U22M.  HUM  14  -  jfi.il23Hti.i058  -  ju.04*2  S) 

(M  23.1  A,  -1.232  kVV.  0.915  <<■■  147  b.Fj 

4.  A  parallel  circuit  consist*  of  two  branches  A  and  B.  Branch  A  has  a  resistance  of  10  U  and  an 
inductance  of  0, 1  H  in  scries.  Branch  ft  has  a  resistance  of  20  Ci  and  a  capacitance  of  100  up  in  scries 
The  circuit  is  connected  to  a  single-phase  supply  of  250  V,  50  Hz  Calculate  the  magnitude  ami  the 
pha.se  angle  of  the  current  taken  from  the  supply.  Verify  your  answer  by  mea&uremeni  from  a  phasor 
diagram  drawn  to  scale.  (6.05  i  ■  I5.2"|  iF.  E.  Pane  Univ.  Nov.  19891 

5.  Two  circuits,  [he  impedances  of  which  arc  given  by  Z,  =  1 10  +  j!5>  £1  and  Z,  -  It  -  jX>  i'l  arc 
connected  in  parallel.  If  the  tola]  current  supplied  is  1 5  A.  what  is  the  power  taken  by  each  branch  ? 

(737  W  ;  I4.WI  W|  {Elect.  Engg.  A.MjLE.  S.t.  June  tW&i 
'>    A  voltage  of  240  V  is  applied  to  a  pure  resistor,  a  pure  capacitor,  and  an  inductor  in  pand'ei.  The 
resultant  current  is  2.3  A,  white  the  component  currents  an?  1.5.  2.0  and  1. 1  A  respectively  Find  the 
rcvultirinl  power  factor  and  lite  power  factor  of  the  inductor.  [II.HM  :  0.5 1 

7,  Two  parallel  circuits  compose  respectively  t  r )  a  coil  of  resistance  20  Q  and  inductance  0.07  H  and  Ui) 
a  copacilancc  of  60  in  series  with  a  resistance  of  50  Li  Calculate  the  current  in  the  mains  and  the 
power  factor  of  the  arrangement  when  connected  actus*  a  200- V.  50-Hz  supply 

[7.05  V  ;  II.WI7  lag |  {EiecL  Engg.  £  Electronics.  Bangalore  t'niv  fW) 
B<  Two  circuits  having  the  same  numerical  ohmie  impedance  are  joined  m  parallel.  The  power  factor  of 
one  circuit  is  O.N  lag  and  that  of  other  0.6  lag.  Find  the  power  factor  of  the  whole  circuit 

[11.7071  {Elect.  Engg  fune  Univ  /OSS) 
9.  Hnw  is  a  currrnl  of  10  A  shared  by  three  circuits  in  parallel,  the  impedances  uf  which  are  |2  -jUj  £1, 
[6  +/3IQ  and  (3  +  >4j  11  \S.tH  \  :  4J57  A.  A.  12  \  | 

Ml.   A  piece  of  equipment  consumes  2,000  W  when  suppled  with  1 10  V  and  takes  ii  lagging  current  of  25 
A   Determine  ihe  equivalent  series  resistance  and  reactance  of  the  equipmcnl. 
If  a  capacitor  is  connected  in  parallel  with  the  equipment  to  make  the  power  factor  unity,  find  its 
capacitance  The  supply  frequency  is  100  Hz  i 3.2  £1,  3.112  U.  24*  u.F|  (Sheffield  Univ  U.K.) 

II.  A  capacitor  is  placed  in  parallel  with  two  inductive  loads,  one  of  20  A  at  30"  lag  and  one  of  40"  A  ui 
fiO"  lag.  What  must  be  current  in  the  capacitor  so  that  the  current  from  tbe  external  eircuu  shall  he  at 
unity  power  I  actor  '!  !-t4_5  \]  tt'iiy  A  tiutith,  London) 

IZ,  An  air-cored  choking  coil  is  subjected  to  an  alternating  voltage  of  100  V.  The  current  taken  is  0.1  A 
and  the  power  factor  0.2  when  the  frequeuuv  is  30  Ht.  Kind  the  capacitance  which,  if  placed  in 
parallel  with  the  coil,  will  cause  the  nwin  current  to  he  a  minimum.  Whnl  will  lie  the  impedance  nl 
ihis  parallel  Lumbinaiinii  icii  for  currents  nf  frequency  SO  tbl  for  currents  of  frequency  40  7 

13.14  uKo/;50«lQ./jt,|941lQ|  iLontton  Umv.) 

13.  A  circuit,  consisting  of  a  capacitor  in  series  with  a  resistance  of  10  ti  is  connected  in  parallel  with  a 
coil  having  L  =  55.1  mK  and  K  ^  10  EL,  to  a  100-V,  50-Hz  supply  Calculate  the  value  of  ihe  capaci- 
tance tot  which  the  current  lake  from  rhe  supply  is  in  phase  with  the  voltage,  Show  that  for  the 
particular  values  given,  the  supply  current  Is  independent  of  the  frequency  ( 153u.F|  iismtfon  Unit  > 

14.  In  a  series-parallel  ctrcuu .  the  two  parallel  branches  A  and  B  are  in  series  with  C  The  impedance*  an: 
ZA  =  ( 10  -  JS)  O.  Zt  =  <9  -  j6)  Q  and  Lc  =  [  100  +  jO).  Find  (he  currents  lx  and  lk  and  the  phu>r 
diffcrrncc  between  them  Draw  the  phasor  diagram,  |1A  =  12.71  Z  30*58'  I,  =  15^-35*56';  4*S»T| 

(Hirer.  Engg.  A.  Electronics  Bangalore  Umv.  I9R5\ 

15.  For  rhe  series-parallel  circuit  shown  in  Fig,  I4.ft0  calculate  (a)  impedance  between  points  B  and  C  (t>i 
loia!  impedance  of  Ihe  circuit  between  points  A  ,ind  C  and  ft)  the  circuit  current 

ltd)  (0tS7  -  JOOSi  a.  «>»  10.97  +■  j  0.55J  Q.  0  )  (77 Jl-  J44.ft|A,  89.7  Z-  29J»  \\ 

16.  Calculate  the  value  of  the  current  flu  winy  in  the  senc-paraUd  circuit  of  Fig  I4,ft2 

1 1 2.112  -  j3.tr7r.\  .  3.WI  z  -  5(^54"  \\ 
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17.  Calculate  ihc  amount  of  power  developed  in  each  arm  or  [lie  series  parallel  circuit  shown  in  Fig. 
14.61.  Izero.-MH)  W.4IKI  W] 

3  jlO 


0.4  jo.s 
r — MAA — nip — -i — AAM 


is 


JVW- 


0.5 


jo 


 Wf1  Un* — 

2  j5 


-j20 


■fltOCJ  Z0°Vr> 


FIn-  14.60  Fiji.  1 4.6 1 

IH.  Calculate  the  power  developed  in  each  branch  series  of  the  parallel  circuit  shown  in  Fig.  L4.63, 


20 


10 


112 


■o  SCI  £0°V  o- 


IUK.4  U  ;  205.7  W  ;  jtcn>| 
10 

 Wfl  


-J2S 


-olOOiO"Vo- 


Rg.  14.62  Fir.  14.63 

19.   Find  the  equivalent  scries  circuits  of  the  4 -branch  parallel  circuit  shown  in  Fig.  14.64, 

|<4.4I  +  j 2-K7 1  Q|  | A  rcsishir  of  4.415  Li  in  series  wirli  a  4.57  mil  Inductor  | 


6  SOrflH  -jJO 
->W^  'GOT  i| 


R=  </  UC 


L  =±C 


Klg.  I4A4  Fig.  14.65 

20.  A  coil  of  20  £1  resistance  has  an  inductance  of  0.2  H  and  is  connected  in  parallel  with  a  iOO-jjF 
capacitor.  Calculate  the  frequencj  at  which  the  circuit  will  act  as  a  non- Inductive  resistance  of  R 
ohms.  Find  also  the  value  ol  K.  K  Ft/;  IIH)  1!| 

II.  Cakulaiu  iht:  nuionani  I rut |u t-m: y .  ihc  impedance  ji  resonance  and  the  Q-f&Clor  ni  lesortwwe  liw  ihu 
two  circuits  shown  in  Fig.  14.65. 


562 


2jfvL-t  VL/C 
[»  t'lrcuit  is  rcviruint  nt  hII  frequencies  with  a  tnnstajit  resistive 
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impedance  nf  ivL/l'jnhm. 

I'rove  that  if  it  circuit  shown  in  Fig.  14.66  exhibits  bolh  series  and  parallel 
rejirtiijiK-iis  and  i;ykulate  the  frequencies  ai  which  two  resonaces  uecur. 

r 


X 
X 


Parallel  f„  =  J-  ' 


Fip.  14.66 


23.  Calculate  the  resonant  frequency  and  the  corresponding  Q-fatlnr  for  each  of  the  networks  shown  in 
Fig.  14.67. 


L      ft,     C     R3  C  Ri 

o — TIF— V^l^-W, — o  o — ~| | — W* — 


I 

i — inn — . 


J —  L 


V\k.  U  f 


k.. 


i 


tWlX 


tQ 


3  - 


I 


K, 


I      R  +  R,     RlR  +  R,l 


24.  A  pantllel  W-i-C  circuit  is  fed  by  a  constant  current  (ouree  of  variable  frequency.  The  circuit  reso- 
nates al  100  kHz  and  the  {7-factor  measured  ai  this  frequency  is  ? .  Find  the  frequencies  at  which  the 
amplitude  of  the  voltage  across  the  circuit  falls  lo  (a)  70.7%  Or)  50%  of  the  resonant  frequency 
amplitude.  |i„  i  MD.5  kHz  .  1 1(1.5  kHz  ,hi  84. IH  Ml?  :  t  IK.S  kiiri 

lill  III!  TV I  I      1 1 
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Fill  in  the  blank!) 

I  i-j  >  Unit  of  admittance  is  

(b)  unit  of  capacitive  suseeptance  is  

(r)  admittance  equals  the  reeipmcttl  of  

id)  admittance  is  given  hy  the   sun:  of 

conductance  and  fcusteptance, 

An  R-L  clreuii  hus  Z  =  (6  +  /Si  ohm.  its 

sascepumce  la  -Siemens. 

'..'i  0-06    ibt  0.08    U">  0.1    Id)  -4108 

Tlve  impedances  of  two  parallel  branches  of  a 

cinruii  aieG0+/t0)  and  ( 10 -/10) respectively. 

Tlte  impedance  of  the  parallel  combination  is 

UH  20+  p  (b\  io+yo 

tc)  (<f)  a-j30 

A  parallel  ac  eircuil  in  resonance  will 
in  i  aci  like  a  resssior  of  low  value 
{b}  have  a  high  impedance 
tO  have  current  in  each  section  equal  lo  the  line 
current 


1 1! i  have  a  high  Voltage  developed  across  each 
inductive  and  capacitive  section. 

?.  The  dynamic  impedance  of  an  R-L  and  C  paral- 
lel circuit  at  resonance  is  ohm. 

la)  CJLR   (b)  UCR   tc)  LC/R   [tt)  R/LC 

ft.  A  parallel  resonant  eircuu  can  \tc  used 
(a)  to  amplify  certain  frequencies 
(bf  to  reject  it  small  band  of  frequencies 

i  HI  high  impedance 
id)  both  tb>  and  tc). 

7-  The  y- factor  of  a  2-branchcd  parallel  circuit  is 
given  by  the  ratio 

(a)  IJti   f»  l/Ic   fc)  UlL   (rf)  L/C 
B.  Like  a  resonant  R  l.-C  circuit,  a  parallel  reso- 
nant circuit  also 
(o)  has  a  power  factor  of  unity 
{b)  offers  minimum  impedance 
tO  draws  maximum  currcm 
Ul\  magnifies  current 
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A.C.  NETWORK  ANALYSIS 


15.1.  Introduction 

We  have  already  discussed  various  d.c.  network  theorems  in  Chapter  2  of  this  book.  The  same 
laws  are  applicable  to  a,c.  networks  except  that  instead  of  resistances,  we  have  impedances  and 
instead  of  taking  algebraic  sum  of  voltages  and  currents  we  have  to  take  the  phasor  stun, 

15.2.  KirchhofTs  Laws 

The  statements  of  Kirchhoffs  laws  are  similar  tu  those  given  in  An.  2.2  for  d.c.  networks  except 
that  instead  of  algebraic  sum  of  currents  and  voltages,  we  take  phasor  or  vector  sums  for  ax.  net- 
works, 

i>  KirchhtifTs  Current  Utw,  According  to  this  law.  in  any  electrical  network,  the  phasor  sunt 
of  the  currents  meeting  at  u  junction  is  /.em 

In  other  words,  X  /  =  0  ..-at  a  junction 

Put  in  another  way,  it  simply  means  that  in  any  electrical  circuit  the  phasor  sum  of  the  currents 
Itowiug  to wards  a  junction  is  equal  lo  the  phasor  sum  of  the  cum: Ms  going  away  from  that  junction. 

2.  Klnkktffh  YmfajH  ,jBW-  According  to  this  law,  the  phasor  sum  of  the  voltage  drops 
across  each  of  the  conductors  in  any  closed  path  (or  mesh)  in  a  network  plus  the  phasor  sum  or  the 
e.m.fs,  connected  in  that  path  is  /.cm. 

id  other  words.  X     +  J,  emT,  -  fj  ...round  a  mesh 

Example  15.1.  Use  Kinhiiotft  laws  to  finJ  tlte  current  flowing  in  each  branch  of  the  network 
shoan  in  Fig.  1 5. 1. 

Solution.  Let  the  eurrenl  distribution  be  as  shown  in  Kig.  15. 1  (if).  Starting  from  point  A  and 
applying  KVL  to  closed  loop  AS  ATA,  we  get 

-IQtjt  +  y)  -  20  x  +  100  =  0   or   Sot  +  v  =  10  ,.,(/) 

Ax        B        V  C 


Fl|t.  15.1 

Similarly,  considering  the  closed  loop  fJCDEtt  and  stalling  from  point  B.  we  have 

-5f  .       *  5*  f  in  m       =  u   or    1\  +  3y  =./IO 
Multiplying  Eq.  U)  by  3  and  subtracting  it  from  Eq.  (ii).  we  get 

7*  =  30-;i0  or  jsc=4.3-ji.4=4.52  ^-18" 
Substituting  this  value  of  jf  in  Eq,  til,  we  have 
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5A4  /•  ii'finrat  I » t  hnohig) 

y  =  10  -  3r  =  5.95  Z  1 19.1 5"  =  -  2  9  +  J52 
x  +  y  =  <U-jrU-19  +  j5.2=r  L4  +  /3J 
Tuuirwl  Problem  No.  15.1 

I.    Using  KirchboCTs  Laws,  caiculate  Elic  current  flowing  through  each  branch  of  the  dreuu  shown  in 


[1  =  0.S4  ^47.15*  A,  I,  ■  0.7  Z  -  N8.87"  A:  13  =  1.44  ^  if-WAJ 


|5  H7  \| 


Fig.  15.2  Fi{i.  15J 

2.     Use  Kiixhhoffs  laws  10  find  the  current  flowing  in  !hc  eupaciui>e  hniAclx  of  Pig.  15.3 
15  J.  Mesh  Analysis 

It  has  already  been  discussed  in  Art.  2.3.  Sign  convention  regarding  the  voltage  drops  across 
various  impedances  and  the  e.m.f.s  is  the  same  as  explained  m  An.  2.3.  The  circuits  may  be  solved 
with  the  help  of  KYI.,  or  hy  use  of  determinants  and  Cramer's  rule  or  with  the  help  of  impedance 
matris  [ZJ. 

Fxamplc  15.2,  Find  the  power  iiutput  i>,' ihi  inlu \nun:e  m  the  rirvuii  oj  Fig.  M4  Frove 
thai  tki\  power  tymils  tht  power  m  the  cifcitb  fw/iM&n, 

Solution.  Starting  from  point  A  in  the  clockwise  direction  and  applying  KVL  to  the  mesh 
A  HE  FA.  we  get.  ;  8 

-8  /,  -(-;&)  (/,  - 12)  +  100  Z  (f  =  0 


or 


/,  {8  -j6)  t  /,.  (j6)   =  100^0°    .  .(i) 


Similarly,  starting  from  point  B  and  applying  KVL  lo 
mesh  BCDEE,  we  get 

-/a(3+j4)~H6M/a-/|>-  r> 

or  /,  (jtt)  + 12  (3  -p.)   =  0  .„(m) 

The  matrix  form  of  the  above  equation  is 


Jo      (3-/21 J 

A=fV;6)  ,6  ] 
a    [    ;6  f3~j2)J 


My.  15.4 


A,- 


A3  = 


ioozar  j6 

0  (3-j2) 

(8 -jo)  lOOZff 

;6  0 


_1bOZ-26.6° 


b  -  A  "  62J^  -39.8° 


(8  -  j6)  (3  -  j2)  -  C/6)  =  62.5  Z-  LVJ.S" 
(30U     2001  =  360  Z  -  26.6° 
600  ZW 

A,  60OZ9(r 


=  5.76ZI3JD;/1  = 


=  9.6ZI29.8D 


A  62.5/-39.S'' 

Kxiimplir  15.3.  L\inf>  Muiwell  'v  limp  currvm  method,  find  the  value  of  rurrent  in  etieh  brum  It 
oj  the  network  nhmvn  in  Fig.  IS.  S  \m 


\X-  Seiwtirk  \naty<iis 
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Solution.  Lei  the  currents  in  the  two  Imips  be  /,  and  i2  flowing  in  the  clockwise  direction  as 
shown  in  Fig.  15,5  (fc)  Applying  KVL  to  the  two  loops,  we  get 
Loup  N<k  I 

25  -  /,  (40  + j50)  -  H  100)  { 1 ,  - 12)  -  0 
A    25-/,  (40-;50)-j  100/2  =  U  ...(i) 
l.iKip  No.  2 

-  60 /2  -     100)  (/,-/,  J  =0 

-yioo/i 


/.- 


(60-jlOQ) 


40+]S(t 


*9  3st3 


Ki".  |5.? 

Substituting  this  value  of/,  in  0.)  above,  wr  gel  25 
or      25  -  40 1,  +  y50  /,  -  85,75  Z59°    /,  =0  (/1 00  =  100  Z  90°) 
or      25-/,  (84. 1 6 23.5)  =  0. 

25  25 


/,  (40  -  j50)  -;i00  x  0.S575  Z3 1"  /,  =  0 


(84.16+  /23.5)  87.3BZI5.fV 


0,286  Z  -i5.6°A 


Also. 


0.8575  Z-  31°  /,  x  0.2&6  Z-  15.6"  -  02452  Z-  46  6°A 


Cumem  through  the  capacitor  =  I/-/,)  -  0.2K6  Z-  15,6° 
0.1473  Z  43.43"  A. 


0.2452  Z46.6a  -  0.107  +  /).  101 3  = 


Iwiimph'  15.4.  Wnir  tin-  ihn-c  mesh  ,  in  rem  eqttniuins  far  network  tftoWW  m  Fijj.  /5.i. 

fMilution.  While  moving  along  /,,  if  we  apply  KVL,  we  get 
-4-/10)  /,  -lOtf,  -  /jJ-5  (/,  -  /3)  =  0 

or    /[(I5-/10)  - I0/2-5/3=0  ...(/) 

In  the  second  loop,  current  through  the  ac 
source  is  flowing  upwards  indicating  that  its  upper 
end  is  positive  and  lower  is  negative.  As  we  move 
along  /j,  we  go  from  the  positive  terminal  of  the 
voltage  source  to  its  negative  terminal.  Hence,  we 
experience  a  decrease  in  volLage  which  as  peT  Art. 
would  be  taken  as  negative. 

-J5  /2  -  10  Z30°  -  8l/3  -  /j)  -  10  f/2  -  J,)  -  0 


or    10/,  -!2 1 18+^51  +  8^=  I0Z30D  ...(if) 
Similarly,  from  third  loop,  we  get 

-20  Z0° -  5(/„  -  /,)  -  B  (l}  -  /3)  -  /}  U  +  J4)  =0 


Fig.  15.6 


Sfrf,  Electrical  Trchiuifogy 

or  5  / ,  +  3  l2  -  /3  ( 1 6  +/4)  =  20  Z0"  ..  -f 1 1 if) 

The  values  of  the  three  currents  may  be  calculated  with  the  help  of  Cramer's  rule.  However,  the 

same  values  may  be  found  with  she  help  of  mesh  impedance  [ZJ  whose  different  items  are  as 

under : 

zn  »-/  io+  io  +  s^ns-jiofcz^-us+jSi 

Z„  =  {l6+JS)iZll  =  Zll=-  \Q\Z23  =  Zn  =  S 
Z,,     ^  =  ~3?£(-0;£2  =  -iaZ3Q*;  E^-Mzrr 
Hence,  the  mesh  equations  for  the  three  currents  in  tSie  matrix  form  are  as  given  below  : 

-10 

-5 

Example  15 JL  f0  flu-  cimd:  xkvwn  in  Fig.  15.7  dettrmim  the  hnmrh  tW/Hjfr  imd  currents 
wul  pmci'r  .lchvcn:d  h\  ihc  ii'tine  uMng  mesh  analyst* 

i  F'.leeL  Network  Analysis  Nagpur  l:ntv. 

Solution.  Let  the  mesh  currents  be  as  shown  in 
Fig.  15.7.  The  difFcrcnt  items  or  the  mesh  resistance  | — AW — HttP- 
matrix  \  E  ]  arc- : 


-IC 

-5 

X 

0 

HH-r- j"5> 

-8 

i, 

-8 

A 

-20ZO3 

'11 


=  1-J2+  1  -yl  +  /2)  =  (l  -/l) 


ZI3  =  2»*-</2-/l>-^ 
Hence,  the  mesh  equations  in  the  matrix  form 


are 


,   -  (2+/2KI  - 
10 


IllZff 


ns.  is.? 


1-1-^4.43  +  ^2.5  (I 


=  10(1  -jl)-jl(4.43+jl5}  =  12.5-  j 14  43  =  1 0.1  Z-  49 .1° 


4<2-/'   H4.43%.5,]  =  <2+P)(4.43+y2.5)  +  y  IO  =  -3.86-/3 


-  5.46Z-  135°  or  Z225° 
J,^A,/A  -  19-1  Z-  4y.J*V5  -  3.82  Z^l9.r  =  2:5  -  j2S9 
/;  =  A,/A  h  5.46  Z-  13575=  1.1  Z-135"  =  -  0.78-;078 

Current  through  branch  BC^l-1^  2.5  -/1. 89  +  0,78  +;t).7S  a  3.28  -jL\ 1  =  3,49  Z-  32.75" 

Drop  over  branch  AB  =  (2  +  ;l)(2~5  -j  2.89)  -  tM-j  328 

Drop  over  branch  BD  =  (i  -  J2)  (-0,78  - jO.78)  =  2.34  +  /fl-78 


Drop  over  branch  BC  =  /,  (/,  -  /7>  =;l  (3.28  -jll  1)  =  2.1 1  +  j3.M 
Power  delivered  by  the  sources  would  be  found  by  using  conjugate  method, 
I'onjugatc.  we  get 


Using  current 


VAt  m  KM  15  +  .,2.89)  =  25  +  ;2S-9  ; 


W.  =  15  W 


VA,  =  V,  x  /,  —  because  -J,  is  the  eurmnl  coming  oui  of  the  second  volluge  source.  Again, 
using  current  conjugate,  we  have 

VAi  -  (4.43  +  J2.5)  (0-78  -  jd.lt)  or  IV,  =  4.43  x  Q.78  +  2.5  X  0.78  =  5.4  W 
.■,    total  power  supplied  by  die  two  sources  =  25  +  5.4  =  30,4  W 

incidentally,  die  above  fac!  cm  be  verified  by  adding  lip  the  powers  dissipated  in  the  three 
hranches  of  the  circuit.  It  may  be  noted  that  there  is  no  power  dissipation  in  the  hraneh  BC. 
Power  dissipated  in  branch  AB  =  3.823  x  2  =  292  W 
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Power  dissipated  in  brunch  BD  =  l.r  x  1  =  1 21  W 
Total  power  dissipated  =  29  2+  1.21  =  30  41  W. 
Tuloriul  I'mhlcms  No.  15.2 

I.      L'miij:  iini-.ii  analv-i-.  line!  LijneiU  in  \hc  Ljp^tlor  nf  Fig.  II  S 

/  J. 


-  if 

■HJ  I 


Fig.  15.10 


Fi&  15.9 

2.     Using  mesh  analysis  or  KirchhofTs  laws,  determine  the  values  of  1.  /,  and  t-,  (in  Fig.  t5.9i 

|1  =  17  Z  -  SHJT  A  ;  I,  =  0.1  Z9T  A:  lj  =  L8  | 

1.  Umhj4  weiji  current  uiialyitis.  ftntl  die  value  >>l  turreni  /  jo  J  active  power  nutpul  of  the  vnliage  source 
in  Fig.  15.10.  |7^-£r  A:M5W| 

i  find  tin-  mcsli  currents  I  1,  ami  /,  inr  the  ctrcuii  shown  in  Fig.  15  1 1-  AO  ne*«u»nce*  ttrnj  reactance* 
are  in  ohms  fl,  =  "1.16H  ♦  JU81 >;  lJ  =  i0j*7  -  J0l135i;  I, -(0.7 18  ♦  Jd.4L2i| 

mi.w'\  R        «  2S 

i  JVVV^-^VW^-r--WVL 


Fl]t.l5.ll  Fig  I5.U 

5.  Find  ihc  value*  of  branch  currents  /.  /,  and  I,  in  die  circuit  shown  in  Fig.  15.12  by  using  m«h 
analysis.  AJi  resistances  arc  in  ohms  f  1 ,  ■  — IMW  ZB*  ;  lj  =  1345       ;  J ,  -  1  .5*4  ZV\ 

<>  L'miic  mc  sit -current  analysis,  determine  me  current  ft,  A  and  /t  flowing  in  ihe  brunches  iii'  Oil-  net- 
works shown  in  Fig.  15.13-  II,  =8.7  Z- 1 J7"  \:  I.  =  3  A  I  lj  «  7  Z17 J5*  \] 

7.  Apply  mcsh-currcnl  analysis  to  determine  the  valuer  of  current  / ,  to  lf  in  different  branches  oj  ihe 
circuit  shown  in  Fig.  15. 14 

II,  =  2.4  Z52.5*  A  ;  /]  s  \fi  Z  46.18"  A  i  I,  *         57.17"  Aj  I,  =  0Jt6  Z1«J-*A  :  I,  H  Ml  Aj 


*-j5 


I* 


Lh  miU  H,D 


Fig.  MJJ 


Fig.  15.14 


15.4.  N.idnl  vn.il.vi- 


This  method  has  alretidy  been  discussed  m  details  in  An.  15.  --.  This  technique  is  the  same 
although  we  have  tu  dcul  with  circuit  impedances  rather  than  resistances  and  take  phasor  sum  of 
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voltages  and  currents  rather  than  algebraic;  sum. 

t\uttiplc  15.6.  Um  \'o<Jn>  analvKis  tt>  cuhuktie  the  cttrtrnt  ftim  tog  in  each  frfwuh  of  the 
network  xhtm-n  in  rig.  (5.15 

Sululiim.  A*  seen,  tliere  are  only  two  principal  nodes  out  of 
which  nude  Nu.  2  has  been  taken  us  the  reference  node.  As  seen  from 
Ail...  we  have 

lfX>ZO°  sozw 


20  10 
0,35  V, 


20 


=  0 


=  U3  +  j2&.6  =  32Z63.4° 
I0OH4.3-  jM.b 


■  in 

+ 

for  4.5  Z 
V. 


1 ~       20         "  20 

=  4,3  -  ji.A  -  4.5  Z  -  18°  flowing  towards  node  No.  1 
18"  +  180*  =  45  Z162D  flowing  away  Irani  node  No.  I) 


'f^^T"^  3.2ZG3.4"  miA*M9  Ho  wing  from  node  No.  I  to  node  No.  2 
10  10 


W^V-V,  m  j50-l4.3-j28.6  _  H4.3  +  J21.4  =_z^  +  j4is  5 J6Z  ,  23  6~ 


5  5  5 

flowing  towards  node  No.  I 

Z  123,6°  -  IW  =  5.16  Z-56.4"  flowing  nway  I  mm  node  No,  1), 

Example!  5.7.  funi  tin  ■  unem  I  in  ilu  f!0  11  hrmifh  of  the  Riven  tin-nit  .thtnvii  in  Fi.if.  /5/0 
mkl§  the  Stxlut  MettuuL  (Principles  cif  Elect.  Etim>.  Delhi  Univ.  Jum>  19851 

Si  i  hit  km.  Then:  are  twu  principal  nodes  out  ol  which  node  Mo.  2  has  been  Lakeri  as  the  refer- 
ence node.  As  per  Art. 

V. 


_+-!_  +  -L 

6-jS  /10 


6+        6- j8 


=o 


VMM  -jO  OK  +  0.06  +  /0.08  -  jO.  1 )  =  b  -j%  +  9  « 


-  JS.4Z-30" 


V,(0.l2-jll.l)  =  \HAZMt'  ui 


l\  x  0.1 56  Z-85.6" 


18.4  Z-  30° 


^  -  18.4  Z-  30-70,  l5fiZ-H5.6e  =  1 I8Z  55.6^ 
V  =  V ,  0  1 0  =  1 1 8  Z55.67j I 0  =  1 1 .8Z-34,4D  A 

Example  1 5.8.  FVrtd  the  voltage  V,„  ifl  f'l*'  0/  Frj!-  /5,  /  7  fa).  tWmr  w>«M  fc<  the  value  af 

V}  if  the  [H>larttv  .»/  the  M'coriJ  valuta*  unitvc  is  irvrrst-J  <i;  shown  in  t  ft.  15  17  (hi 

Solution,  fn  the  given  circuit  there  and  no  principle  nodes.  However,  if  we  lake  point  B  us  the 
reference  node  and  point  A  as  node  I ,  then  using  nodal  matliod,  we  gel 


10  K+jA 


^0.2  Z-  14.1° 


lozn"  soz3tr 


10 


8  +  }A 


=  0 


=  I  +  LI  16  +  jO.066  =  4.48Z1.78* 

=  4.4SZ  1,7  870-2Z- 14.1"  =  22.4ZI5.8W" 


A-C.  Xe:*urk  tnu/ivu 

Wlu-it  Mfurtt  pnhirih  is  Kt  versed 


Fig.  15.17 


+  L^-Z^r-  =0  or  K  =  0.09  Z223.7* 
8  +  j4  1 


-j4  J  10 

l-Miinpk-  l>.<).  U'W/c  the  ttrkiat  equtttions  fnr  the  network  xhnntt  in  hit;  t5.lfi 

Solution.  Keeping  in  mind  ihe  guidance  given  iu 
in  An.  2.10,  it  would  be  obvious  that  since  current  of 
the  second  voltage  source  is  flowing  away  from  node 
Lit  would  he  taken  as  negative.  Hence,  die  term  con-  j+ 
Mining  this  source  will  become  positive  because  n  has  j  Mn*£fl 


been  reversed  twice.  As  seen,  node  3  has  been  taken 
as  the  reference  node.  Considering  node  |.  we  have 


V  1 


4  yt  2 
AW — TRT-V 


0  LiW 


: 


lozor  t  t0Z3Q°  _  Q 


4+  ;4    y5  J   4+  j4       10  /5 
Similarly t  considering  node  2,  we  have 

5Z0° 




rig.  15. 1H 


3lt4  +  ;4    5    6-/8  J  4+/4 


=  0 


Exailtpk'  15.10.  In  the  network  of  F ig.  15. 19  determine  the  current  flawing  thnmgh  the  hrtincli 
<>I4  (I  niiMariLi  usim;  W«/  umil\iii  (Network  Analysis  Nagpur  Lini*.  1993 1 

Sol ui ion.  Wc  will  find  voltages  YA  and  Vg  hy  using  Nodal  analysis  and  then  find  the  current 
through  4  £1  resistor  by  dividing  their  difference  by  4. 


5  4 


J2  J  4 


50Z30* 


=  0 


A  V,{ 9  - ,/ 1 0  J  -  5  Vfl  =  200  Z30° 
Similarly,  from  node  B.  we  have 


V |I+It_L 
*l  4    2  +  -;2 


4 


5UZ9CT 


o     Vj, o  +  j2) -vA  =  km) =  ;  100 


.for  node  A 
..J® 

...{in 


VA  can  be  eliminated  hy  multiplying.  Eq.  (ii)  by  (9-jlOi  and  adding  Lhe  result 

.-.    Vfl(42  - j\2)  =  1 173  +  jlOOO   or  V„  =  lj41-4Z404p'  =  35.29^56.3° -  19.58  +  j29  36 
ft  ft  43n8Z-!5.9" 

Substituting  this  value  of  Vg  in  Bq.  Oil,  we  get 

t%  =  vy  3  +  /»)  -  j  100  =  (19.58  +  f29.it)  (3  +J2)  -j  100  ;27.26 

^  -  VB  =  j  27.26  -  19.58  -  j29.36  =  -  1938  -  flA  -  19.69ZI86.120 

/j  =  ( -  Vfl)/4  -  1 9.69Z  I H6. 1 274  =  4  92 Z 1 86. 1 2* 

For  academic  interest  only,  we  wiJl  solve  the  above  question  with  the  help  of  following  two 

methods  . 
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Fig.  15.  IV 

Snlutinii  ii>  nviuji  \l(iih  Resistance  Mulrix 

Let  the  mesh  currents  /  I2  and  /,  be  as  shown  in  Fig,  15. 19  (b  I.  The  different  items  ofthe  mesh 
resistance  matrix  \Rm  \  ore  as  under  : 

R,  i  =  <5  +  jl] ;  Rjj  =  4  :  R3i  =  (2  -J2)  ;  Ri2  -  R,,  =  -/2; 

=  ^.13  =  /2  <  R]ii  —  R|j  —0 
The  mesh  L-14u.1l  1  Lins  111  Hie  main*  form  urc  : 


(5+/2)  -jl 
-jl  4 
0  J2 


0 


0 

- 

.4. 

-;50 

A  =  15  +  ,/2>  [4(2  -  j2)  -  Ijl  xjl)  -  I-/2J  [(-p  {2-J2)]  m  84  -j24  =  87.4  Z-\  5.9" 


+        (43-3+ j25)  -0 

-P        a  p2 

0  -;50  (2-J2) 


=  t5+;2)|-/2(-y50)|  + 


jl  [43.3  +  25 j  (2 -/!})=.- 427  +  ;73  =  433Z170.30 
=  433ZI70.3787.4Z-15,9°  =  4.95ZI86,2D 
Si  tint  lull  by  usiiif!  Llti't  ruin's  I  ht'urern 

When  ihe  4  il  resistor  is  disconnected,  ihe  given  figure  becomes  its  shown  in  Fig.  15.20  (a). 
The  voltage  VA  is  given  by  the  drop  across  p.  reactance.  Using  the  voltage-divider  rule,  we  have 

J2 


V'  =  50Z.W  x 
*  5+  ;2 


Similarly, 


V„  =  50zW 


l8.57Z98.2"s-2.65  +  /IS  38 


=  35.36Z45"  =  25  +  f!5 


2~j2 

-  2,65  +  18.38  -  25  -;25  =  28.43Z  193.5° 


A\,  .  SN/2  *  2lh  y2» 


5+y2T2-/2 


4  I.689+/0.72 


The  Thevenin's  equivalent  circuit  consists  of  a  voltage  source  of  28.43  Z  1  y 3 . 5"  V  and  an 
impedance  off  1.689  +  jO.72)  tJ  as  shown  in  Fig.  15.20  tr).  Total  resistance  is  4  +  (1.689  +  j'0.72> 
=  5.689  4  /  0.72  *  5.73Z7  _2*.  Hence,  current  through  ihe  4  11  nsislor  is  28.43  ^193-575.73Z720" 
=  4  %  Z  186.3". 
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Null-  The  slight  variations  in  the  answers  ate  due  hi  [he  apprnximamms  made  during  calculations 

Example  15.1 1.  /.'Win,'  o»\  suiruhh-  in,-ihinl.  t  oimlnti  ttir  current  thrtni^li  4  nhm  rrxiMwuf  «>/ 
ilu- )iri>vi>ri  s/ji.hh  f'w  Fij,\  iNi-ttmrk  Vnulws  \M1K  Ser,  B  SumtiK-r 

Snlii'EirTii.  We  will  solve  this  queestmn  wilh  the  help  of  (0  KirchhofTs  laws  (if)  Mesh  analysis 
and  i  n  j  i  Nodal  analysis. 

Hi   Sululinn  b>  using  KirchliafT*  Laws 

Lei  the  current  disrrihulion  be  as  shown  in  Fig.  15,21  (A).  Using  the  same  sign  convention  as 
given  in  An.  we  have 

First  Limp  -  KH/t  +  /j  +  I J  -  (-jS)  /,  +  100  =  0 

or  ft  ( 10  -  j5>  *  10  /,  +  IO/2  =  100 

Second  Loyp  -5f/,  +  |j>  -  4J2  +      5)  /,  =  0 

or  jSI,  +  8^  +  5/3=0  l»l 

Third  l.onp  -/,  (8  +/6)  +  4/?  ■  O 

or  0/,  +  At7  -  ly  <8  +  /6)  =  0  ...fjjJl 


(10- >5) 


-10 
9 
4 


Id 
5 

-<«  +  j6) 


100 

h 

0 

0 

A  =  ilO-;5)|-9<S+/6)-20]-;5t-KX8+;6)-40| 
=  -  1490  +  j  520=  I578Z160.8* 
Since  we  are  interested  in  rinding  /,  only,  we  will  calcul^u  tiu  \alut.  A. 

DO-jS) 


-;5(-8O0-J6OO)  = 


j5 
(i 


100 

D 
0 


[0 
5 

-<Kh  ,6) 


5000  +  j  4000  =  5000  Z  126,9° 
=  3.17  Z-  33.9°  A 


5UU.0ZI26.9" 


|578Zlo0.8° 


wr  1  Snlulmn  h>  minj>  Mtsh  Impedance-  Miilm 


iLl 


Fig.  15.21 

Let  the  mesh  currents  /;  and  t3  he  as  shown  in  Fig,  15.21  (r)  From  [he  inspection  of  Fig. 
15,21  (( ),  the  different  items  of  ihc  mesh  impedance  matrix  [ZJ  arc  as  under : 
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Z,,  =  Ztl  =  -(-y5)=;5;Zw  =  Z51  =  -4^3l=Z1,  =  0 
Hence,  the  mesh  equations  in  the  matrix  form  are 

(10-/5)  /5 
jS  (9-/5) 
0  -4 

A  -  )J0-J5>  [C9-J5KI2  + J6)-l6t-jfS0'fiD-30) 
=  1490-/520  =  1578ZL5L2? 
It  should  be  noted  thar  (he  curreiH  passing  through  4  O  resistance  is  the  vector  difcrenee  (/,  -  A,). 
Hence,  wc  will  lind  /:  and  /,  unly. 


0 

100 

0 

(I2+/6) 

.  i. 

0 

*3  = 


(10-/5)    100  0 
j5        0  -4 

0  0      li:  *  /m 


=/5  { 1 200  +  /GOO)  =  3000  - joOOO  =  670S  Z-63.4* 


(10-  ySj       /5  100 
j5       <9-j5l  0 
0         -4  0 


--J5  (400)  =  -  j  2000  -  2000  Z-W 


A 
A 


67n8Z-63.4' 
IS7RZ-19.20 

200OZ-9O3 


-  4.25  Z-  44.2°  =  3.05  -j  2.96 
(/j-/,)  -  2,63  -J  1,76  =  3, 17  Z- 33.°° 


Current 

uin  Solution  h>  Nodal  Analysis 

The  current  passing  through  4  Q  resisianec  can  ho  found  by  finding  the  voltage  cif  node  B 
with  the  help  of  Nodal  analysis.  Far  this  purpose  point  t"  in  Fig-  15.21  itu  has  been  taken  as  the 
reference  node.  Using  the  Nodal  technique  as  explained  in  Art,  wc  have 


J_  +  1  +  _L 

10    5  -jS 


lOOZO3 
10 


=  0 


v*A{3+j"2)-2  Va  =  100 
Similarly,  fbr  node  B,  we  have 


5     4    (8  +  76) 


-0    or    Vy53  -j6)  -  20  V,  =  D 


-for  node  A 
...0} 

...(rr> 


Estimating     from  Eq.  U~)  and  (h),  we  have 

1^131  +  y88)  =  2000   or    Vt  =  12.67  Z-33.9* 
Current  through  4  O  resistor  12.67  Z-33,974  -  3.17  Z-33.9" 

I  ut.iriiil  IVolikitix  Kl*.  15.3. 

1 .  Apply  nodul  analysis  to  the  network  of  Fig.  1 5.22  to  determine  the  voltage  at  niHtr  A  .nid  the  ulIjyc 
puwer  delivered  by  the  vol  tags  source  (HZ.  3.7"  V;        \s  i 

2.  Using  nodal  analysis,  determine  the  value  of  voltages  at  models  I  and  2  in  Fig.  15.23. 

IV,  =  KK.1  ZAUHT  A;  V:  »  St.7Z72.WA] 


l.f    \tiHurk  \naly%i.\ 


S73 


J*  T 


8 


I 


I3t 


2 


-j25  =^= 


a- , 


<3t 


Fi|>.  15.22  Fig.  15.23 

Using  Nodal  analysis,  find  rhe  nottuJ  volumes  VI  and  V2  in  die  circuit  shown  in  Pig-  15.24.  AH 


resistances,  an  given  in  terms  of  Siemens 


|V,  =  1.64  \ 


v.  =  n_w  v 


esq? 


Fig.  15.24  Fir.  15.25  Fir.  15.26 

J.  Find  the  values  of  nodal  voltages  V,  and  Vj  in  the  circuit  of  Fig.  15.25.  Hence,  lind  the  current  going 
from  nodel  I  lo  node  2,  All  resistances  are  given  in  Siemens,  |V,  ■  327  V;  \  1  -  203J5  V  ;  fr.7J  A  J 

5,  Using  Nodal  analysis.  Find  the  voltage  across  points  A  and  and  B  in  the  circuit  of  Fig.  15,26:  Check 
your  answer  by  using  mesh  analysis.  \32  \  | 

15.5.  Superposition  "FhwtmH 

As  applicable  lo  ac  networks,  il  stoles  as  follows  : 

la  any  network  made  up  of  linear  impedances  and  containing  more  than  tine  source  of  e.in.l  .  ihe 
current  flowing  in  any  branch  is  the  phasnr  sum  of  the  currents  that  would  flow  in  that  branch  if  each 
source  were  considered  separately,  all  other  c.ntf  sources  being  replaced  for  the  lime  being,  by  their 
respective  internal  impedances  (if  imy) 

\sile.  It  may  be  noted  thai  indeperxlent  sources  can  be  "kilted'  i.e.  removed  leaving  behind  their  internal 
impedances  ril  any)  but  dependent  sources  should  not  be  killed. 

KnampLe  15.12.  t-if  \~uperf*'j>tium  ritrwfin  u>  fitui  tkl  voliax*  V  in  fftrjwfawt  \lmwu  m  fflg 

;j.27. 

Solution.  When  the  voltage  source  is  killed,  ihe  circuit  become  as  '.hewn  in  the  Fig  1 5.27  ih) 
Using  current-divider  rule. 

-f4 

t  ~  IQZtT  X  {i  +  J4) ,  jA  ,  Now,  V  =  h  3  4  J4) 


V  m 


|0-j4(3  +  j4) 


/40 


T 

L 


In 


1 


0 


mil' 


-ih 


At 

FiR.  15.27 


574  FLtearicai  Icchnolagv 

Now,  when  current  source  is  killed,  the  circuit  becomes  as  shown  in  Fig.  15.27  (e).  Using  the 
voltage-divider  nde.  we  have 

V"  ^  5GZWx     (3t  j4>—  =  -66.7 +j  50 

drop  V.  V  +  V  =  53.3  -;40 1-66.7  +  j  50)  =  -  13,4  +  j r  10  =  16.7  Z  143 J*  V 
Tuloruil  I'mblerns  No.  15.4 

L  Using  Superposition  dieiwtm  la  find  the  magnitude  [if  the  current  flowing  in  the  branch  Alt  of  the 
circuit  shown  in  Fig-  15-28 

A 


D 

Rjj.  1528  Rr.  I52«» 

I.    Apply  Superposition  theorem  to  determine  the  circaii  /  in  me  circuit  of  Fig.  J  5,29   [U.5.1  Z  5.7"  A  | 

15.6.  Thevcnin's  Theorem 

As   applicable  to  ii.c.  networks,  itns  theorem  may  be  stated  as  lulhm  s 

The  current  through  a  load  impedance  ZL  connected  across  any  two  termin.ji  <.  A  and  B  of*  linear 
network  is  given  by  VJVZ^  +  ^  wher  Vrt  is  the  open -circuit  voltage  across  A  and  if  and  Zjfc  is  the 
mlcrnal  impedance  oi  [he  network  us  viewed  from  the  open 'Circuited  terminals  A  and  B  with  all 
voltage  sources  replaced  by  their  internal  impedances  iif  any  i  and  eurrem  sources  h\  infinite  imped- 
ance. 

Example  15.1  J.  In  iftr  ireiuo»t  \how>t  in  fag.  15  M 

Z,  m  fi  +  jft)  a  ;  Zj  m  tti  -  jHl  It ,  Z,  =  (2  +  j20} ;  V  =  10  Z  (T  and  ZL  ~j  W 
Find  the  cirrrenf  through  the  titad  Z{  using  Tkerenm 's  theorem. 

Solution.  When  the  load  impedance  ZL  is  removed,  the  circuit  becomes  as  shown  in 
Fig.  15.30  [b).  The  open-circuit  voltage  which  appears  across  terminals  A  and  B  represents  the 
Thevenin  voltage  Vlh.  Tliis  voltage  equals  the  drop  aerosss  Z,  because  there  is  no  current  flow  through 

zv 

Current  flowing  through  Z,  and  Z-,  is 

;  -  V(Z,  +  Zj)  -  "l  0  ZlT  E(S  +  3i  +  (S  -m  =  10  Z0Y16  =  0.625  Z0» 
VA  -  IZ,  =  0.625  (8     8)  =  (5  -;5)  =  7.b7  Z  -  45° 
The  Thevenin  impedance  Z^  is  equal  lo  the  impedance  as  viewed  Irom  open  terminals  A  and 
widi  voltage  source  shorted. 

Z^Zj  +  ZJIZ-,  =(2+J20)  +  (8+yS)ll(8-;8>  =  {ia  +  ;20) 


r.ji  (in  fei 

Rr.  15.341 
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iiii)  From  the  above  information,  we  can  find  V±  and 

 oJ  V,^  1^=  75JZ19  T- 50  Z-3(J*  =  57  Z60.6' 

2^  =  2^,=  IOZ-30D  +  7.55Z10.9D+5Z60-  =  18.6  Z22S" 
The  Thcvenin  equivalent  will  respect  iu  the  terminals  A  and    is  shown 
in  Fig.  15.34  (O- 


lS.fi  i2-25' 


ri«.  1534 


For  finding  V'^  /.<;.  voltaic  ai  point  A  will  respect  to  point  fi.  we  Mart 
_c  i.  Tram  point  B  in  Fig.  1 5  34  ( h )  and  go  to  point  A  and  calculate  (he  phasor 
sum  of  the  voltages  met  on  the  way. 

75.IZ19. 1"  -  50^-30"  = 
10Z30"  +  7-55Z10.91"  +  5Z60"  =  18.6Z2.25" 


t.vaniple  I5.P.  f^i  the  netwt/rk  t/wwrj,  determine  using  Thevcnm  s  theorem,  \  ullage  arms.* 
capacitor  in.  fig.  1X35.  (Lltcl.  Network  Analysis  Naupur  Lnh.  IW3) 

=  /5M I  iO  +  j5i  =  1.25  +  j'J.  7J.  77h.»  impedance  fa  in  ienw  wfrt  tin-  {0Q  resistance  Using 
voltage  divider  rule,  the  drop  over  is 

Solution.  When  load  of  -j5  Q  is  removed  the  circuit  becomes  as  shown  in  Fig.  15.35  (6). 
Thevenin  is  vnltage  is  given  by  the  voltage  drop  produced  by  100-V  source  -  wcr  (5  +  _/5)impcdance 
It  can  be  calculated  as  under. 

{125  +  /3.75)  125+J375 


-  100 


10+0  25+ j3T5)    \\15  +  j3J5 


This  Vrn  ii  applied  across  j5  reactance  as  well  as  across  the  scries  combination  of  5Q  and 
(5  +/5)  i"i  Again,  using  voltage  divider  rule  for  \\D.  we  get 

5  +  jS 


10x^5      I1.25+/3.75    10+ y5 
As  ItKikcd  into  terminals  A  and  fl,  the  cqui  talent  impedance  is  given  b_v 

Rab  =  r*  ~  (5  +yS)  1 1  (5  +  10 1 J5)  =  (5  +  j"5)  II  (7  +  /4)  =  3  t  jZ.33 


Hg.1535 

The  equivalent  Thevenin 's  source  along  with  the  load  is  shown  in  Fig.  15,35  (f). 

Tola!  impedance  -  3  -}5.-i  -/2,67  =  4.02  Z-  41.67* 

/  =  21.  IZ71  .5  7D/ 

4.02Z-*|.n7,!  -  5-Z5Z1 13-24° 
Solution  by  Mesb  Resistance  Matrix 

The  different  items,  nt  the  mesh  resistance  matrix  [RKI\ 
are  as  under : 

Ru  =  \0  +j5:  R„  =  10  +  j  10  ;  J?)}  =  5; 

*,U  ~  ^Ji  —  ~J5~. 

R^  =  Rr  =  ~{5+  jfS) :  R3I  =  Rtl=  0.  Hence,  the 
mesh  equations  in  the  matrix  form  are  as  given  below 


Iig.  1536 


i.C.  \etwark  .lim/vm 


S7F 


The  equivalent  Thevenin  circuit  is  shown  in  Fig.  15.30  (r)  across  which  the  bad  impcdaruY  has 
been  reconnected  The  load  current  is  given  by 


(5  -  /S)  _  - ; 
HO  +  j'20)  +  KfiOl  2 


Example  15.13  A.  FwiJ  f/tf  Then/mi  cauntdent  <  rr,  <m  <</  f<  » jmn.j/j  -IW  <.'/  lite  circuit  givrn  in 

Solution.  For  finding  v'r-  =  V'AJft  wc  have  to  find  the  phasor  Mini  >>|  ihc  voltages  available  an  the 
way  as  we  go  from  point  B  to  point  A  because  VAt  means  voltage  of  poinl  A  with  respect  to  that  of 
poini  B  {Art.  >.  The  value  of  current  /  =■  100  ZQ7(6  -j  8)  =  (6+  / 8)A. 

13-jua 

 [ZD  


Fig.  15.31 

Drop  across 4  £2  resistor  =  4  f6  +  j 8)  =  (24  +  j  32) 


Vffc  =  VyVJ  =  -(24+>32)  +  (100+;0)-eO(a5+>0.866) 
=  46 -j84=i%Z- 61.3d 
=  3t«Il(J  +  I4!l(2-i/8)]*:(13-jl.28) 
The  Theveiiin  equivalent  circuit  is  shown  in  Fig.  15  31  ib). 

F.xumple  15.14.  Find  the  Thrvenm'x  eqmvtdeitt  of  the  circuit  xhtmn  in  Fig.  15 J2  and  kence 
;  uhulutc  the  itifae  nj  the  current  which  willjtmv  in  an  impedance  of  16  +  jJO)  it  connected  (terms 
terminals  A  tnui  B   ALw  calculate  the  power  dissipated  in  (his  anncdiim  <• 

Solution.  Lei  us  ftrsi  find  the  value  of  VA  i.e.  the  Thevenin  voltage  across  open  terminals  A  and 
B.  With  terminals  A  and  B  open,  there  is  no  potential  drop  across  the  capacitor.  Hence.  V±  is  the 
drop  across  the  pure  inductor  )3  ohm. 

io  +  ;o 


Drop  across  the  inductor  - 
-J2H 


(4  +  /3>    }*    4  +  >3      42  +  32 

<l  44— JIB  1 1 

—a 


(~)}.fr+j4.l 


11 


(b) 

Fig.  15J2 

Lei  us  now  find  the  impedance  of  the  circuit  as  viewed  from  terminals  A  and  B  after  replacing 
the  voltage  source  by  a  short  circuit  as  shown  in  Fig.  15.32  (a). 

ZA  =  -j20  +  4ltj3  *  -/20+  I44+/I.92-  L44-/18.I 

The  equivaieni  Thevenin  eireuii  along  with  the  load  impedance  of  (6  +  J30)  is  shown  in 
Rg  15-32  (c). 

Load  currents   P.6+J4J)          ^ft^rflj  =  0.43  Z- 4.9" 

a.44-;!8.l>  +  (6  +  Jr30)     (744  +  jll.9>  14Z58* 
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The  current  in  the  load  is  0.43  A  and  lags  the  supply  voltage  by  4.9° 
Power  in  the  load  impedance  is  0.43'  x  A  =  I.I  W 

Example  15.15.  U\ing  Thevcniti' *  theorem,  calculate  the  current  flowing  through  the  loud 
connected  across  tfrminals  A  ami  8  of  the  circuit  shown  in  Fig.  15-33  int.  Also  caladate  the  /www 
delivered  to  ttie  load. 

Solution.  The  first  step  is  to  remove  the  load  from  the  terminals  A  and  B. 
across  (10  +  y'10)  ohm  with  A  and  B  open. 

too 


drop 


Circuit  current  /  = 


=  10  Z0" 


J10+10  +  jlO 
VA      I0{10  +  ;  10)  *  141.4Z45" 
Z,„  =  <-;'10jll(10+>10)  =  (IO-;TO) 


14I.4/.453 


W 


Fifi.  15J3 

The  equivalent  Thcvenin's  source  is  shown  in  Fig.  i5.33  (b).  Let  the  load  be  re-connected 
across  A  and  B  shown  in  Fig.  15.33  (c). 

1 4 1 .4Z45"         _  1 4 1  4Z45*  _  14 1 .4Z45° 


lL  = 


ClO-jlOf  +  IIO-yiO)      20-j20  28!3°Z-^5H 
3ft 


=  5Z90" 


Power  delivered  to  the  load  =  lL'w\  =  5'  x  10  =  250  W 
hxample  15.16.   Find  tin  Thevemn's  equivalent  across  terminals  A  and  B  oj  the  networks 
v/itmn  in  Fi%.  15.34  la) 

Solution.  The  solution  of  this  circuit  involves  the  following  steps  i 

l/l  Let  us  find  the  equivalent  Thevcnin  voltage  V(f)  and  Thcciun  lmnediince  Z(f>  as  viewed 
from  terminals  C  and  D. 


vcd  ~v 


Zz  IQOZ0°y  2UZ-30* 

Z,+Z;    m  10Z3O°  +  20Z-30" 


=  75^zi°  rv 

=  7.55  Z  10.9°  ohm 


za>  =  z\UZ2  ~  i0Z30»+  20Z-30* 
til)  Using  die  source  conversion  technique  [Art)  we  wilt  rephice  the  5ZLT  current  source  by  a 
voltage  source  as  shown  in  Fig.  15.34  tb). 

30"  =  50  Z- 30" 


V£c  =  5Z0°x  10  Z- 


Its  series  resistance  i*.  the  sLime  as     —  10  Z—  30°  as  shown  in  Pig.  15.34  [h\. 
The  polarity  of  the  voltage  source  is  such  that  it  sends  current  in  the  direction  EC,  as  before. 


— °  r~ 

File.  15.34 
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Hi)  Pium  Ihc  above  information,  wc  can  find  V  h  and  Z^ 

 „     Vrt  =  VCD  =  75.5Z19. 1°  -  50  Z-  303  =  57  Z60.6" 

ZA  =      =  \OZ  -  30*  +  7  J5Z10.9*  +  5Z60"  =  1 8.6  Z2.25" 
The  Thevenin  equivalent  will  respect  to  the  terminals  A  and  B  is  shown 
in  Fig.  15.34(c). 

For  finding       Le.  voltage  at  poinl  A  will  respect  to  point  8,  we  start 
from  point  B  in  Fig.  15.34  ib)  and  go  to  point  A  and  calculate  the  phasor 
sum  of  the  voltages  met  (.in  the  way. 
A        =  75.1Z19.I*-  50Z-30"  =  57Z60.60 


IS.fr  £2.25= 


f-\-)  57  £60.6' 


-oft 


Fig.  I5JW 


"Afl 


10Z30"  +  7.55Z10.9"  +  5Z600  =  1&.6Z3.25* 


Example  15.17.  /.ji  :he  frt'fiwrit  a/kmu  determine  mitt};  Thevenin 's  theorem,  voltage  across, 
capacitor  in,  FiR.  JSJ5.  (Elect  Network  Analysis  Nugpur  Univ.  1993) 

Zt7,  -  >5l  \{tQ+j5)  =  1.25  -t-j.t  75.  77iu  impedance  r.t  m  jrriej  tt7«  fAr  /Oil  #Tesutia«rf .  t/.n«jf 
»)lt<ige  divider  culr,  the  drop  over  Zct,  is 

Solution.  When  load  or  -j5  £1  is  removed  the  circuit  becomes  as  shown  in  Fig.  15.35  (6). 
Thevenin  is  voltage  is  given  by  tin:  voltage  drop  produced  by  100-V  source  over  (5  +  y5)impedance 
it  can  be  calculated  as  under. 


V.    =  lOQ    C^  +  A™)    _  12S  +  j375 


10+(l.25  +  /3.75) 

This  V, 

{5  +  j5)  £1  Again,  using  voltage-divider  rule  for  VCD,  we  get 


11.25  +  /3.75 


Cb  is  applied  across  j5  reactance  as  well  as  across  the  series  combination  of  5Q  and 


At      *      to    Kjx^g       U-25+ >3.75  10+;5 
As  looked  into  terminals  A  and  B.  the  equivalent  impedance  is  given  by 

RAt  =  Rth  =  (5  +  y5)IK5+  lOHj,5)  =  f5  +  j5)ll(7+/4)  =  3  +  y2,33 

-*Jb — V — 'vvv — ,  d.i  . — 4& — £-  - — 


Fir.  I5J5 

The  cuuivalcni  Thevenin's  source  along  with  the  load  is  shown  ill  Fig.  (5.35  {c}. 

Total  impedance  =  3  +  /2.33  -j5  =  3  -  J2.67  =  4.02  Z-  41  j67" 
/  =  2  I.  J  Z7  J.  57V 

4.02Z-41.fi7"  =  5.25ZI  13.24" 
Sol ut inn  by  Mesh  Resistance-  Matrix 

The  different  items  of  the  mesh  resistance  matrix  [Rm\ 
are  as  under : 

/?,,  =  10  +      Rn  =  10  + j r  10 ;  Rn  =  5; 

*U  =^2l  ~  — 

^  =  (Lj.  =  -  (5  +j  5) ;  R^  =  Jt(  ^  =  0.  Hence,  the 
mesh  equations  in  the  matrix  form  are  as  given  below 


100  V 


Fig.  I5J6 
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(10+ ;5) 

-j* 

0 

1U0 

(10+yilO) 

-(5+/5) 

0 

0 

H5  +  ;5> 

a 

0 

A  =  iM  +  /5j  [5(1D* jlO)  -  <5  +  JS)  (5  +  /5)J  +  j5  (-/25)  =  625  +  /250  -  673Z21 .8" 
f!0+  ;5)  — /5  100" 
-;5      HO  +  jlO>     0      =  j 5  (500  +  j 500)  =  3535  Z  135" 
0        -<5+/5)  0 

/,  =  A,/A.  =  3535Z135'V673Z2L&*  =  5JZ5Z113.2" 
Tutorial  PrnhU-nis  \«.  J?..5 

1.  Determine  the  Thevenin 'i  equivalent  circuit  with  respect  in  terminals  AB  of  the  circuit  shown  in 
Fig.  15J7 


{Vrt  =  14_V*.J*\  Z„  =  14  +  /U.55t  Q| 


2+p 

4^> 


sjs-JU 


0- 


TO 


A 


il 
O 


\l»LM\" 


Fig.  L5J7  Fig.  ISJW 

2,  Determine  Thevcnin's  equivalent  circuit  with  respect  to  terminals  AH  in  Fig-  15.38. 

IV^  =  9.5  Z6.4*"  :  ZUi  =  4.4  Z0"| 

3.  The  e.m.fs,  of  two  voltage  source  shown  in  Fig.  1 5.3°  are  in  phase  with  each  other  Using  Thevenln's 
theorem,  find  ihc  current  which  will  flow  in  a  16  tl  resislor  connected  across  terminals  A  and  B. 

[V^  ■  10ft  \  ;  ^  =  (48  +  jJ2)  :  t  ■  1.44  Z  -  IftjA'l 

 OA 


jllXl 


-OA 


-on 


ft 


I2i<r= 


Jl5K 


OB 


Fig.  15J9  Fig.  15^D  Fig.  15.4  L 

Rod  the  Thevenin 's  equivalent  circuit  for  terminals  AS  for  the  circuit  shown  in  Fig.  15.40. 

[Vfc-  15J7  Z-38JW;  B,  =  * J.2  +  J4l  Q| 
Using  Thevenin*  ihcorcm.  find  ihc  magnitude  of  ihe  load  current  /,  pacing  through  ihc  load  cun- 


rn.--.-ieU  UL'rnss  lerminals  AH  of  Ihe  circuit  shr.iwn  in  Fit  I  S .4  i 
ft.    By  ovlag  Thevenin's  theorem,  calculate  the  7 

current  flowing  through  the  l<iad  connected  ocm»  lermi- 
naJ.s  A  and  nf  circuit  :.h"*T\  in  Fig.  15.42-  Ail  testis 
Hmccs  and  reactances  ore  in  ohm*. 

{V^  -  5fc.f»  Z5IU5"  r  .VI I  Z85A7*) 
7,    Calcu  late  the  equi  volent  Thevenin'  *  source  with 
v.  I  :••  liii  luminals  A  ami  B  <>l  ihe  oicuit  shown  in 
Fig  15.43. 

IV,,  =  \*>M  -  IL'Hi  \  .  /,,,  -  i3.t7  -  j;.l|7)  ti| 
K.    What  is  the  Thevenin  "s  equivalent  source  with 
respect  (o  the  terminals  A  and  fl  of  ihc  circuit  shown  in 
Fig.  15.44  ?    rv#  m  f9jj  t  j8)  V  ;      =  (H  -  Jll p  11] 


(375  niA| 


Fig.  15.42 


■l.C  \etworlt  ,-\/«Mi.i 


57V 


10 
-Wlr- 


■OA 


-jB 


-on 


Kla.  I5.4J  Fig.  15.44 

H.  What  is  the  Thcvcmn's  equivalent  some  with  respect  to  terminals  A  and  H  die  Lirciiii  shnwn  in  Fig 
15.45  ?  Also,  calculate  the  value  of  impedance  which  should  be  connected  across  Afi  for  MPT  All  resistance* 
and  reactances  are  in  ohms.  |V,t  -i l«kR7  +  jl5.t6l  V:  ZtH  ■  ( 17.9J -JI.75)  £3  j  i  17.93  +  j  1.75  Q| 

lOiWV    rj       >5  111 


Ffe.  15.45  Fi«.15.46  Ffcp.  15.47 

HI.  Find  the  impedance  of  the  network  shown  in  Fig.  15.46,  when  viewed  form  the  terminal*  A  and  R,  AH 
resistance*  and  .•.j-.'jv.-iv  are  m  ohms  |(44J5  +  J6,S"*Ki| 

1  I-  Find  the  value  of  die  impedance  ihat  would  be  measured  across  terminals  AC  *>f  lhc  circuit  shnwn  in 
Fig  15.47. 

1R 


9  +  wV;R 


^(.1-jtuCRl 


15.7.  Kcdproeilv  Theorem 

This  theorem  applies  to  networks  containing  linear  bilateral  elements  and  it  single  voltage  souice 
or  a  single  current  source.  This  theorem  may  be  stated  as  follows  : 

If  a  voltage  source  in  branch  A  of  a  network  causes  a  eunvnl  of  I  branch  B.  then  shifting  the 
voltage  source  (but  not  its  impedance  J  of  branch  B  will  cause  the  same  current  I  in  branch  A 

II  may  be  noted  thai  currents  in  other  branches  will  generally  not  remain  the  same.  A  Nimple 
way  of  slating  the  above  theorem  is  that  if  an  ideal  voltage  source  and  an  ideal  ammeter  ore  inter- 
changed, the  amnii -k  ■  1 ceding  would  remain  the  same.  The  ratio  of  the  input  voltage  in  branch  A  to 
the  output  current  in  branch  B  is  called  the  transfer  impedance 

Similarly,  if  a  current  source  between  nodes  /  and  2  causes  a  potential  difference  of  V  between 
nodes  3  and  4.  shifting  the  current  source  (but  not  it*  admittance  i  io  nodes  3  and  4  causes  the  same 
voltage  V  between  nodes  I  and  2. 

In  other  words,  the  interchange  of  an  ideal  current  source  and  an  ideal  voltmeter  in  any  linear 
bilateral  network  does  run  change  die  voltmeter  reading. 

However,  the  voltages  between  other  nodes  would  generally  not  remain  the  same.  The  ratio  or 
the  input  current  between  one  set  of  nodes  to  output  voltage  between  another  set  of  nodes  is  called 
the  transfer  admittance, 

F  sample  15.18.  W-nJs  Hrriprifiiy  th*x*n>m  for  V  A  I  in  fA*?  rinuii  xhuwn  tit  Fig.  15.48 

lElect.  Network  Analysis.  Nagpcr  Univ.  1W| 

Solution.  We  will  find  the  value  of  the  current  /  as  read  by  the  ammeter  first  by  applying  series 
parallel  circuits  technique  and  then  by  using  mesh  resistance  matrix  tArt.l 
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I.    Sent*  Parallel  Circuit  Technique 
The  total  impedance  us  seen  by  ike  voltage  source  is 

zip  _  rtt 

=  I  +  [/ 1  1 1  (2  -j  I)]  =  I  +  '        J  =l5+j\ 
total  circuit  current  i  - 

1.5  +  jl 

This  current  gets  divided  mio  p;iris  ;at  point  A,  one  part  going  through  the  ammeter  and  the 
o-hc-f  LLOing  jk'Hi'  AB   by  using  current-divider  rule.  (Art),  wc  have 

_  & 


J\ 


+       a  +  j)-j\)  3+;2 
2.    Mesh  Resistance  Malm 

In  Fig  1 5.48  (ft).  R, ,  =  (1  +;i ).  Rn  =  {2  +  j\        =  2:  Rl2  =  R2l  =- fi 


i. 

3 

-j\  2 

h 

re 

;A  =  2(l+jl)-Hl)HI)  =  3+J2 


Fig.  15.4B 

As  shown  in  Fig.  15.43  lei,  the  voltage  source  has  been  interchanged  with  the  ammeter.  The 
polarm  of  the  voltage  source  should  be  noted  in  particular.  It  loots  as  if  the  voltage  source  has  foe-en 
pushed  along  the  wire  in  the  counterclockwise  direction  to  its  new  position,  thus  giving  the  voltage 
polann  as  shown  in  the  figure  \V  e  will  find  the  value  of  /  in  the  new  position  of  the  ammeter  by 
usin£  die  same  two  techniques  as  above. 

1.    Scries  Parallel  Circuit  Technique 

As  seen  by  the  voltage  source  from  its  new  position,  the  total  circuit  impedance  is 

=  2(2-;i>+yi  ii  J  =  7^77 
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The  lotaJ  circuit  current 
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5x 


3  +  ;2 

This  current  i  gets  divided  into  two  parts  at  point  B  as  per  the  current-divider  rule. 


2.  Mesh  Resistance  Matrix 
As  seen  fmm  Fig.  15.48  (</). 


5fl+/I) 


*  j 


l 


J5 


3+ ,2    'i+;i  3+y2 


Of 

-;1       2  | 

/: 

5| 

3  ;A  =  2(1  +;i>+  1  =3+/2 


0 
5 


f 


A     3+  /2 

The  reciprocity  theorem  stands  verified  from  the  above  results 
Tuuicial  problem  No.  15.6 

I,  State  reciprocity  theorem.  Verfity  if  for  the  circuit  Fig. 
15.49,  with  ihe  help  of  any  suitable  curreni  through  any 
element.    tEleeL  Network  Anal  >  as  Nagpur  lulv.  \Vt3 

J5.H.  Norton's  Theorem 


1  WjV  

JjtO  = 

! 

As  applied  lo  a.c.  networks,  this  theorem  can  be  stated  as 
under  : 


Pig,  15.4<i 


Any  two  terminal  active  linear  network  containing  voltage  sources  and  impedances  when  viewed 
from  its  output  terminals  is  equivalent  to  a  constant  current  source  and  a  parallel  impedance.  The 
constant  current  is  equal  u>  the  current  which  would  flow  in  a  short-circuit  placed  across  die  termi- 
nals and  (be  parallel  impedance  is  the  impedance  of  the  network  when  viewed  from  open-circuited 
terminals  after  voltage  sources  have  been  replaced  by  their  internal  impedances  til  any)  und  current 
sources  hy  infinite  impedance. 

Example  15.1°.  Fiiul  ihr  Sorttm  s  rt^uivulfnt  ofihr  nmiii  shown  tn  Fig  15.50  \tu<  find  the 
current  ninth  will  flow  through  tin  imprtkmce  nf  I  10  —  j  2(>l  £2  across  the  terminals  A  and  H. 

Solution.  As  shown  in  Fig.  15-50  (6),  the  terminals  A  and  B  have  been  short-cicuited. 
.-.    Ia.  =  !N  =  25H 1 0  +  j  20p  =  25/22.36  Z634"  =1118  ^-63.4° 

When  voltage  source  is  replaced  by  a  short,  then  the  internal  resistance  of  the  circuit,  as  viewed 
from  open  terminals  A  and  B.  is  fly  =  ( 1 0  +  j20}£l-  Hence.  Norton's  equivalent  circuit  becomes  a^ 
shown  in  Fig  15.50(c).  ■ 


<]0+i20> 


-OA 


OA 


-OB 


Fig-  15.50 

When  the  load  impedance  of  ( 10  -  j20)  is  applied  across  the  terminals  A  and  B,  current  through  it  can 
be  found  with  the  help  of  current-divider  rule. 


5X2 
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ls  =  I.I  18  ^-63.4-  x 


(10  +  ;20) 


=  1.25  A 


00+  j 120)  +  00- j 20) 

F  sample  15.20.  Use  AWwi'i  theorem  to  find  <  nrretit  in  tin-  Uniti  connected  across  terminals 
A  and  B  of  the  circuit  tfvwii  in  Fif>.  I5.5{  la  I, 

Solution.  The  first  step  is  to  short-circuit  terminals  A  and  B  as  shown  in  Fig,  15 J 1  {a)*.  The 
short  across  A  and  0  not  onl.v  short-circuits  the  load  bui  the  1 10  +  j  10)  impedance  as  well 

t„  -  lfj0^OT|-Jrl0)=jl0=  10Z90" 
Since  the  impedance  of  the  Norton  and  Thevenin  equivalent  circuits  is  the  same,  Zj(  =  10-ylO. 


*  I      Z  t  = 


-e»B 


Fig.  15.51 

Hie  Norton's  equivalent  circuit  is  shown  in  Fig.  15.51  (b).   In  Fig.  15.51  (cj.  the  load  lias  been 
reconnected  across  the  terminals  A  and  B.  Since  the  two  impedances  an:  cqu.il.  curreni  through  each 
is  half  of  the  total  current  i.e.  I0Z9O72  =  5  Z90*. 
Tutorial  Problems  No.  15.7 

I.  Find  ihc  Norton's  equivakni  sorcc  with  respcel  IP  lenninab  A  mid  B  of  ihc  networks  shown  in 
Fig  15-51  fa)  (b).  All  resistances  and  reactances  ore  expressed  In  Siemens  in  Fig.  15.51  (aj  and  in  ohms  in 
Fig  15-52,     flol  ly  =  -  (2.1  -  pp  A:  1/ZV  =  (fl.39  +  jOJiS  fbt  IN  =  1^87  +  jaS)  A;  t/ZN  =  13.17  +  J1.46SJ 


0 


I 


r 

*•  ,  Q  <£>' 

on  iL'jkT  J 


G 

2-  Find  ihc  Norton*  equivalent  source  with  respect  lo  terminals  A  and  fl'far  Lhe  circuit  shown  in 
Fig.  15.53.  Hence,  find  the  voltage  I',  across  the  luO  Aloud  and  check  its  result  hy  using  MLUnifln's  theorem. 
All  resistances  ore  in  ohms.  \t v  =  *At  1  v  =  OAS  Si  V ,  =■  Z0"| 


Fiti.  15.54 


*     For  finding  /A„  we  may  or  may  not  terni^e  tin.-  ln.ul  hum  the  leruutuK  itwi^suse.  in  eiiherL-a.se.  ii  would  lie 
thnrt-cireuited)  but  for  fipiduic  l_  Li  lias,  lo  he  removed  as  iti  the  cow  ofThcvenhV*  theorem 


-l.f '.  Mffirtirk  Aantytix 


%    Find  ihe  Norton 't  equivalent  net  wort  ju  terminals  AS  of  ibe  circuit  shown  in  Fig.  15.55. 

(1^-  p  2J7  ^-»4*  A:      =  1 2.4  ♦  J  1.47 1  fJJ 


■^mr1 — oa 


-o  1 


-MS 


J-j4 


Fir.  15.55  FIr.  153* 

1.     Wlui  is  ihiL'  Norton  equivalent  circuit  al  terminals  AU  of  ihe  network  shown  in  Fig.  I5JS6 

ri^  -  1-15  ^-WUr ;  Z„  -  <4.5  *  J3.7S)  QJ 

15.9.  Maximum  Powrr  Transfer  Theorem 

As  explained  earlier  in  Art-  this  theorem  is  particularly  use  Jul  for  analysing  communication 
networks  where  the  go£tli  is  transfer  of  maximum  power  between  two  circuits  and  not  highest  effi- 
ciency, 

15.10.  Maximum  Power  Transfer  Theorems  -  General  Case 

We  wilt  consider  the  following  maximum  power  transfer  theorems  when  the  source  has  a  fixed 
complex  impedance  and  delivers  power  to  a  load  consisting  of  a  variable  rcsislancc  or  ;i  variable 
complex  impedance 

Case  I.  When  load  consists  only  of  a  variable  resistance  flL[Fig.  15.57  (a)].  The  circuit  current 

is 

V 


Powct  delivered  tri  R{  is  P,  = 


(R  +  RLf  +  X J 


To  determine  the  vaJue  of  RL  for  maximum  transfer  of  power,  wc  should  sci  the  first  derivative 


dPL/dRL  \a  zero. 


dRL  dRL 


v;rl 


- 1  • 


\{R9  +  RtY+X]\-  RLQXRg  4-  Rt ) 


=  0 


or    R;  +  2XfRL  +      +  X*  -  2XLRf  -  2R[  =0  and  tf^  +  x)  = 

It  means  that  with  a  variable  pure  resistive  load,  maximum  power  is  delivered  across  die  termi- 
nals of  an  active  network  only  when  ihe  Uiad  resistance  is  equal  to  ihc  absolute  value  of  the  imped- 
ance of  the  active  network.  Such  a  match  is  called  magnitude  match. 

Moreover,  if  Xf  is  zero,  then  for  maximum  power  transfer  RL  ts  Rf 

Case  1.  Load  impedance  having  both  variable  resistance  nnd  variable  reactance 
[Fig.  15.57  ib)]. 
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The  circuil  current  is  /  =t 


+  [Xlt  +  xLy 


Fig.  15.57 

The  power  delivered  to  the  load  is  =  PL  =  f*RL  = 


Now,  if  RL  is  held  fixed.  i*L  is  maximum  when  X  m  -  JfL.  In  that  case  PLmul  ■ 


If  on  the  other  hand,  ftt  is  variable  then,  as  in  Case  L  above,  maximum  power  is  delivered  to  the 
load  when  R{  =  fff.  In  that  case  if  RL  =  Rt  and  Xt  =  -  Xf.  then  Zt  =  Zf.  Such  a  match  is  called 
conjugate  malcb- 

Fmm  the  above,  we  come  to  the  conclusion  that  in  the  case  of  a  load  impedance  having  both 
variable  resistance  and  variable  reactance,  maximum  power  transfer  across  the  terminals  of  the  ac- 
tive network  occurs  when  ZL  equals  the  complex  conjugate  of  the  network  impedance  Zf  La,  the  two 
impedances  arc  ennjugately  matched. 

Case  3.  Z,  with  variable  resistance  and  fixed  reactance  | Fig.  15.57  til].  The  equations  for 
current  /  and  power  PL  are  the  same  as  in  Case  2  above  except  that  we  will  consider  XL  to  remain 
constant  When  the  first  derivative  of  Pt  with  respect  to  RL  is  set  equal  Id  zero,  it  is  found  thai 

rl   =  *V  +  <xt  +  JfJ"  and  RL  =  <  Z,  +  JZL I 
Since  fL  and  XL  are  both  fixed  quantities,  these  can  be  combined  into  a  single  impedance.  Then 
with  Rt  variable.  Case  3  is  reduced  to  Case  1  and  the  maximum  power  transfer  takes  place  when  Rt 
equals  the  absolute  value  of  the  network  impedance. 

Summary 

The  above  facts  can  be  summarized  as  under  : 


I  y    When  load  is  purely  resistive  and  adjustable,  MPT  is  achi c ved  when  R ,  =  \  Z(  I  =  ^Jr*  +  X*  - 

2.  When  both  load  and  source  impedances  are  purely  resistive  (i.e.  XL  =  Xf  =  0),  MFT  is 
achieved  when  R,  m  Rf. 

J.    When  Rs  and  Xs  ure  both  independently  adjustable.  MIT  i>  achieved  when  X (  =  -  X  and 

ft,  =  R »■ 


4.    When  XL  is  fixed  and  ff,  is  adjustable.  MPT  is  achieved  when  RL  =  J[R*  +iXx  +  Xtf] 

Example  15JL  In  the  circuit  of  Fig.  1538,  which  hnui  iui(H\ltimre  of  p./.  =  Q.&  lagging  when 
<.onneited  memo  irrminaii  A  and  B  wilt  draw  the  maximum  power  from  the  uturce.  Also  find  tfie 
power  drwtoped  in  the  loud  tind  the  power  loa  in  the  novrre. 


> 


\.C.  Setwttrk  Analytu 

Solution.   For  maximum  power  transfer  I  ZL  I  =  I  2,  I 

For  p  f.  -  0.8.  cos  $  =  0.8  and  sin  e)  =  0.6. 

.-.    Rt  =  Zt  cos  «    5.B3  x  0.8  =  4bh  ii 
Xt  =  Zt  sin  4  =  5.83  x  0.6  -  3.5  £1 
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Total  circuit  impedance  Z  =  ^[(/E,  +/fj,  J1  +  (X,  +  XL)1] 

=  >^(3+4.66)i  +  (5  +  3J),l  ±  1 1.44  £1 

/  =  V/Z  a  20/11.44  =  I  75  A 
Power  in  the  load  =  t!RL  =  1 ,75J  x  4.66  =  14.3  W 
Power  lots  in  the  source  -  I.751  x  3  =  92  W. 

Example  15.22.  /n  //h-  MMVfft  jftiwn  <«  Ft'*,  15.59  find  tht  vulur  of  Utttd  to  be  connected 
acms.1  terminal*  AB  ctmxwinff  dJ  vunohlt  trsintance  Rt  and  iiipaariw  ratatutcr  Xt  which  would 
result  in  maximum  power  transfer  (Network  Analysis,  Nngpur  Univ.  I9V3) 

Solution.  We  will  tlrM  find  the  Thevenin's  equivalent  circuit  between  terminal*  A  and  B.  When 
the  load  is  removed  .  the  circuit  become  M  shown  in  Fig,  15.59  fb). 

Vlh  =  drop  across  1 2  +•  j  10 1  =  50  Z45"  *  ~  *  J  J" 

=  41.8x68.7"  =  15.2+;  38.9 

=  5ll(2+jlO)  =  4.!Z23,7"=:3.7+Jrl.6 
s 

 WA- 


Q50/45 


K*;-tf.59 

The  Thevemn's  equivalent  source  is  shown  In  Fig.  15.59  (c) 
Since  for  MPT,  conjugate  match  a  tequired  hence,  X(  =  1.6 11  anil  Rt  -  3,7  11. 

Tutorial  frohlcrn-NortSJ  — "  

I      in  the  circuit  of  Fig  15.60  the  load  con-  50 
visti  of  a  fUcd  inductance  having  a  reactance  of  J10  | 
Q  ami  a  variable  load  resistor  RL.  Find  the  value  of 
Hi  ten  MPT  and  the  value  of  this  power. 

[58  J  Q  ;  46.2  W|  {~)iooZu0  V 
2.     In  the  circuit  of  Fig.  15.61.  the  source  re 
fl_  is  variable  between  5  ii  and  50  £1  bul  ft 


i  V 

has  a  fixed  value  of  25  IT  Find  the  value  of  Rf  far 

which  maximum  power  is  disMjuneJ  in  ibe  kud  ,md 

the  value  of  this  power. 1 5  Q :  150  « I 

15.11.    MiUman's  Thcroein 


Fit.  15<»0 


Mr,  15.61 


It  permits  any  number  of  parallel  branches  consisting  nf  voltage  sources  and  impedances  to  be 


5X0 


Electrical  Technology 


reduced  to  a  single  equivalent  voltage  source  and  equivalent  impedance.  Such  null  tr- branch  circuit 
are  frequently  encountered  in  both  electronics  and  power  applications. 

Kxiimpli-  15.23.  Ry  m.vjhv  Millimm  ■>  'tuwn.  mlathite  mule  vnltatge  V  and  cum-ut  n>  tin  id 
tmpcduiwr  oj  Fig.  15.62. 

Stthitum    According  lo  Milimpn's  theorem  as  applicable  to  voltage  sources. 

±rtYl±viY7±viYi±....±vllrll 

y^Y1+Yj+....+Yn 


V  m 


Y-      1  -tZj± 


20 


I 


2+j4 
2-/4  20 

Y  -  -L 


0.01  -jfO-02  =  0  O22  Z-  63.4* 

o.oi  +  jom  =  aoz2Z6i4° 

ai67  Z- 00°  =0-j  (1.167 


Ptg,  15,62 


/,  +  y,  +  fcjj  =  0.02  =y  o.i67 

In  the  present  cane,  Vj  =  0  artd  also  V2Y:  would  be  taken  as  negative  because  current  due  lo  V, 
Hows  away  from  the  node, 

Vi  ~V2Y2        1 0Z(F x( )  22Z-63 A* -20Z30°x0. 022Z63-4" 
Yt  +  Yz  +  Y)  0.02 -j  0.167 

=  3.35ZI77* 

Currem  through  j  6  impedance  -  3J5Z 1 7776Z90"  -  0  56Z87" 
Tulorhd  Problem*  No.  l?^ 

1.  With  the  help  of  Millman's  theorem,  calculate  the  voltage  across  the  t  K  resistor  in  the  circuii  of 
Fig  15.63.  IZ.7VVI 

2.  Using  Millirwn's  theorem,  calculate  Uie  voltage  Vt)ff  in  the  3-phsse  circuit  shown  in  Fig.  1 5.64.  AH 
load  resistances  and  renounces  are  in  niilli-siemcns.  |V1(N  -  6V. 7.1  Z 1 1. ',53" | 


Sawn  i 


-OA 


ik 


i]  1 1  -  sSfetej 

 OB  I   


Klg.  15.63  t*^- 


fll',  io  mrmhc-ica^i^iJl ***, 
)fl  pi  Ik  ■•  -Bi-h  .'tnn  ,    WH  MM  Biol 

.IJWoq  riilf  In  ^nusv  afll  lini*  T"l^ 

-si  ^fjiurv  ori>  ,  Itf  HI  .'.h  I  Jo  itirnrj  'irti  ill 
tW  mrt  Cl  u£  f>iiu  ll  i  ti5*//J^  *Murw  *>  f^  '«cnnai>! 
■jot  ,H  \<i  snlav  aril  brtfl      ^  to  auto*  t»*fl  it  earl 
hnn  hcol  nrii  ni  bafuqiwilnri  wwq  munil^ititi  rt-jin> 
(  W     i  ,  jU  * i.nwoq  *uh  'lu  wiIhy  uru 


3d  or  «jm.b*pni  brie  wwut  ttgmkrv  In  »iu»if      ibiljrjnd  bliutsq  lo  lsowun  vnu  wiftiiw}  tl 
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A.C.  BRIDGES 


16-1.  A,C.  Bridges 

Resistances  can  tie  measured  by  direct-current  Whealstone  bridge,  shown  in  Fig.  16.1  (a)  for 
which  du;  condition  of  halance  is  that 

^L  —  ^± 

Inductances  and  capacitances  can  also  he  measured  by  a  similar  four-arm  bridge,  as  shown 
in  Fig.  16.1  ib);  instead  of  j.sing  a  source  of  direct  current,  alternating  current  is  employed  and 
galvanometer  is  replaced  by  a  vibration  galvanometer  {for  commercial  frequencies  or  by  tele- 
phone detector  if  frequencies  are  higher  (500  to  2000  Hz)). 

H  U 


(a)  lb) 
PiB.  16.1 

The  condition  for  balance  is  the  same  as  before  but  instead  of  resistances,  impedances  are 
used  it 

Z,  /Zj  =  Z4  tZy    or  Z,Z,  -  Z2Z4 
Bui  there  is  one  important  difference  i.e.  not  only  should  there  be  balance  for  the  magni- 
tudes of  the  impedances  but  also  a  phase  balance.  Writing  the  impedances  in  llieir  polar  form,  the 
above  condition  becomes 

Hence,  we  see  that,  in  fact,  there  ore  two  balance  conditions  which  must  be  satisfied  simul- 
taneously in  a  four-arm  xc  impedance  hndge 

(0  Z,Zj  =  2,Z4  ...  for  magnitude  balance 

(ii)  4>i  +     -  <t*2  +$4  --.  for  phase  angle  halance 


•  Produce  i>f  i>ppniiic  arm  resistances  are  equal. 
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In  this  chapter,  wc  wiH  consider  a  lew  of  Lhc  numerous  bridge  circuits  used  lor  die  measure- 
ment ol  sell -inductance,  capacitance  and  mutual  inductance,  choosing  as  examples  some  bridges 
which  are  more  common. 
In     Maxwell's  Inductance  bridge 

The  bridge  circuit  is  used  far  medium  inductances  and  can  be  arranged  to  yield  results  ol 
considerable  precision.  As  shown  in  Fig.  16.2.  in  the  two  arms,  there  sic  two  pure  resistances  so 
that  for  balance  relations,  the  phase  balance  depends  on  the  remaining  two  arms.  It  a  coil  of  an 

unknown  impedance  Z,  is  placed  in  one  arm,  then  its  positive  phase  angle  0,  can  be  compensated 
For  in  either  of  Ihe  following  two  ways: 

(il  A  known  impedance  with  an  equal  positive  phase 
angle  may  be  used  in  cither  of  the  adjacent  arms  fso  that 
01  =  fa  or  0|  =  04  ).  remaining  two  arms  have  Kero 
phase  angles  (being  pure  resistances)  Such  a  network  is 
known  as  Maxwell's  n_c  bridge  or  L  /L  bridge, 

<if>  Or  an  impedance  with  an  equal  negative  phase 
angle  (i.e.  capacitance)  may  be  used  in  apposite  arm  (so 

that  =  0).  Such  a  network  is  known  as  MaxwelJ- 

Wien  bridge  (Fig.  16-5)  or  Maxwell's  L/C  bridge 

Hence,  we  conclude  that  an  inductive  impedance  may 
be  measured  in  terms  of  another  inductive  impedance  to  I' 
equal  time  constant  I  in  either  adjacent  arm  (Maxwell 
bridge)  or  Ihe  unknown  inductive  impedance  may  be 
measured  in  terms  uf  a  combination  of  resistance  and 
capacitance  (of  equal  lime  constant)  in  die  opposite  arm 
(Maxwell -Wien  bridge).  It  is  important,  however,  thai!  in 
each  cose  the  time  constants  of  (he  two  impedances  must 
be  matched 

As  shown  in  Pig.  16.2, 


Zt  =  /{|  +  jXt  =  /f,  +  jtaLt  ...  unknown;  Z4  =  /J.4  +  JX4  =  RA  +  y<uL4 


known 


/fv  R  =  known  pure  resistances;  D  -  detector 


The  inductance  L4  is  a  variable  self- indue  lance  of  constant  resistance,  its  inductance  being 
of  the  same  order  as  JL,  The  bridge  is  balanced  by  varying     and  one  of  the  resistances  /f;  or  Ry 

Altcmatively.  R2  and  R}  can  be  kept  constant  and  the  resis- 
tance of  one  of  "the  other  two  arms  can  be  varied  by  connect- 
ing an  additional  resistance  in  that  arm  (Ex.  16.1 ) 
The  balance  condition  is  that  Z(Z,  =  Z;Z4 

.-.  (K,  +  /tot,  >/?}  =  (R4  +  j<eL4 )R~ 

E-quating  the  real  and  imaginary  pans  on  both  sides,  we 


have 


=  R2RA  or  R,  /R4  =  Rj  t  R-y 
(i.e.  products  of  the  resistances  of  opposite  arms  are  equal) 


I  is,  liSJ 


K.i 


and    (11/., /fn  =  (iiLJR:  or  L{ 


We  can  also  write  thai  Lj  =  L4  . 

Hence,  the  unknown  sell-inductance  can  be  measured  in  terms  of  d»\nuwn  inductance  L4 
and  the  two  resistors.  Resistive  and  reactive  lerms  balance  independent^  and  the  conditions  are 
independent  of  frequency.  This  bridge  is  often  used  for  measuring  the  Lrun  losses  of  the  transform- 
ers at  audio  frequency. 


Or 


a. 


Lt,  UV  nme  constants  of  ihe  iwn  coils  aie  matched. 


■l.t".  finder  i 


The  balance  condition  is  shown  vectorial!}-  in  Fig.  16.3.  The  currents  /  and  are  in  phase 
with  /  and  Iy  This  is.  ubviotisly,  brought  about  fr\  adjuring  the  impedances  of  Jilt'LrciU  brandies, 
so  that  these  currents  lag  behind  the  applied  voltage  V  by  die  sami:  amount  M  balance,  tlie  voltage 
drop  V  across  branch  1  ts  equal  to  that  across  branch  4  and  /}  =  /4.  Similarly,  voltage  drop  V, 
across  branch  2  is  equal  to  that  across  branch  3  and  /.  = 

Example  16.1.  77fr  arm*  of  tin  ti  i  Maxwell  image  arr  arranged  ta  fntltmw  AS  and  BC  one 

non-reactive  resistors  of  100  Q  tilth.  DA  f.i  a  standout 
imitthl,  tt  uiUtr  L  <if  miAttmve  S2.7  Si  and  CD  MM* 


32.7  n 


Fiu.  16.4 


16-3.  MaAudl-Wkii  Bridge  cir  Maxwell'-,  L/t'  Bridge 

As  referred  to  in  Art.  16.2,  the  positive  phase  angle 
of  an  inductive  impedance  may  be  compensated  by  the 
negative  phase  angle  of  a  capacitive  impedance  pui  in  ihe 
opposite  arm  The  unknown  inductance  then  becomes 
known  in  terms  of  this  capacitance. 

IjM  us  firsi  find  the  combined  impedance  nf  arm  1 , 


poxes  ti  standard  variable  resistor  R  in  series  yvith  a  coil 
oj  unknown  impedance  Balance  was  obtained  wtth 
Ll  =  4?. H  mil  and  R  =  if  till  find  the  resistance  ami 
inductance  of  the  mil. 

i  Elect  Inst  &  Mt-as,  Nugpur  Unlv,  1993) 

Solution.  The  ax.  bridge  is  shown  in  Fig  16.4. 

Since  the  products  of  the  resistances  of  opposite  arms 
are  equal 

a  3Z7xlO0  =  <U6  +  fl4)lUQ 

.-.  32.7  =  136+  R4  or«4  »  317  - 136  -  31  J4fi 

Since  t,  x  100  =  LA  x  100  .-,  ^  =        47.8  mH 

or  because  time  constants  are  die  same,  hence 

L/32.7  =  L4/(3IJ4  +  136) 

r 


LA  =  47.8  mH 


I 


Z,     Rl  -jXc 


Hi 

4 


\  Z-,  —  R.<2 


1+  ytuCA, 

Zs  =     +  jtaLy  and  Z4  =  R4 
^Balance  condition  is  Z,Zl  =  Z,Z4 

/tot,) 


Fht-  165 


1  +  jOflCVf  | 

Separating  the  real  and  imaginuries,  we  get 

R]R-\  =  ft->Rt  and  t^  Rt  =  CT RfR^R^R^  = 


and  L,  =C*j*4 


Example  KtJK.  77w  am«  rt/mi  a,c.  Maxwell  bridge  arr  arranjred  as  follows.  AB  ts  a  nan- 
mduntve  resistance  fff  /.WW  12  in  parallel  wall  a  capacitor  uf  capacitance  OJ  pJ" .  #C  if  o  ;kw- 
inductive  resistance  of  600 Si  CD  i\  on  imlucnvi'  impedance  {unknown)  and  DA  is  a  /ton  tnJur 
riiv  resistance  oj  J00H  .  If  balance  is  obtained  under  these  conditions,  find  the  value  of  the  rests- 
iancr  and  the  tnductam  r  of  the  branch  C£>. 

(Elect  &  Electronic  Mm,  Madras  I  niv.  I«W»| 


Iikctncul  Tevhnatofty 


Solution.  The  bridge  is.  shown  in  Fig.  16.6.  The  con- 
dititsns  of  balance  have  already  been  derived  in  Art  |6\3 
iibove 

Since  J?,^  =  R.R^  .-.  ff3  -  R7R4  I R, 


600x400 


-  240  £1 


Also 


1000 

-  05x10"*  x 400  x  600 
»  12XIQ-1  =0.12H 

16.4.  Anderson  Bridge 

It  is  a  very  important  and  useful  modification  of  the 
Mai  well- Wien  bridge  described  in  Art,  16.3.  In  this 
method,  the  unknown  inductance  is  measured  in  terms  of 
a  known  capacitance  and  resistance,  as  shown  in  Fig.  16.7. 

B 


fa)  (b) 
Fig.  16.7 

The  balance  conditions  for  this  bridge  may  be  easily  obtained  by  converting  the  mesh  of 
impedances  C,  R  and  R^  to  an  equivalent  star  with  star  point  0  by  &/y  transformation.  As  seen 
from  Fig.  16.7  (b). 


y  _  "J- -J  ,g        _  Rylj&C  ^ 

00    (Rs+R5  +  \/juiC)'    ac    {/?j+/?5  +  l/iC0C)  2 
With  reference  to  Fig.  ib.7  {b)  it  is  seen  that 

Z,  =  (R,  Hr  jte^JiZj  -  /?3;Z3  -  ZM  and  Z4  =  Rt  +  Zol> 
For  balance  Z^  -  Z;Z4       ,-.  (fl,  4- /ttfL, > x Zoc  -  R^R^+Zop) 


(R,  +  j(i)L[) 


R^jaJC 


=  R5|  R4  + 


R,  i-R5  +  l/jcoCj 


Further  simplification  leads  to  RnR^R4  +  R-,RiR^       3  * +/?2/?3/f1  =       '  ■■■  +  1 

ntf  (DC  t 


A.C.  Bridge* 
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taC 


10C 


1  or  H,  =  KjK*  /  ft, 


Also 


:    ~  —  RiR\R* 


■    R  t  R*,  +  ft-*  Ri, 


This  method  is  capable  of  precise  measurements  of  inductances  over  a  wide  range  of  values 
from  a  few  micro-heitrys  to  several  henrys  and  is  one  of  the  commonest  and  the  best  bridge  methods. 

Example  Ut.X  .Irj  alterniuing  current  bridiie  t\  urr.mni  J  u*  fitllow,:  The  amis  AB  and  BC 
consist*  of  lion -niduvtivc  resistances  of  lOO-ohm  each,  the  arms  lit.  and  CD  Of  HutiAmlucltvc 
variable  rvsiskiiHCi.  tin  arm  EC  of  a  capacitor  of  I  \XF  cuftociiance.  tlic  arm  UA  of  an  in<tw:nve 
reiistunce.  77ir  alternating  current  source  is  connected  to  A  and  C  and  the  telephone  receiver  to  E 
otui  f).  A  Union,  i-  tk  itiitmncd  when  rtsivumoei  of  onns  Cf>  otul  BE  air  50  mid  2.500  oiim  rcspa 
lively.  Calculate  the  teststance  awl  inductance  uf  arm  DA. 

Draw  the  vector  diagram  shtnving  rolra%e  at  even  point  of  the  network. 

(Elect-  Meusurvments,  I'unt  Vni\.  JVSSi 

Solution.  The  circuit  diagram  and  voltage  vector  diagram  arc  shown  in  Kg.        As  seen, 
is  vector  sum  of     and     Voltage  V'  =        =  I.  Jf_  Also,  vector  sum  of  V  and  V,  is  V  as  well 
as  thai  of  V  and  Vy  Jc  is  at  right  angles  to  V 


Hfc.  If.  H 

Similarly.  V  is  the  vector  sum  of  V  and  iJl^- 

A.s  shown  in  Fig.  16.8,  Rf  =  ff,.  Rt/R}  =  50  x  KXl/100  =  50fl 

The  inductance  Is  given  by  L  -  CR2  (R4  +  Rf  +  R^/Ri) 

a  L  =  1xl0^x5DflOO+2500  +  100x2500/IOO> 

=  0.2505  H 

Example  lft.4.  Fix.  16.9  gives  the  connection  of 
Anderson's  bridge  for  measuring  the  inductance  I.  f  and 
resistance  R  of  a  coil.  Find  R )  and  L  if  balance  in 
obtained  when  Rl^Bi  =  KHHtoluny  R.  =  I0ti)ohm%  Ry  =  2110 

ohms  and  C  =  Ipf  Draw  the  vecttir  tiiuftnmfor  tlu  rohov.,  \ 
and  currents  in  do  brooches  of  lite  bridge  at  Ikdance. 

IlilccL  Measurements.  AMI!  Sec.  B  Summer  19901 

Hnlulfon.  Ri^R2R4/R-i  =1000  x  2000/2000=  I  til 


-  lx[0"*xlO00  2000+200+ 


JOOOx  200 
2000 


j  =  2.4  II 


1QV.  100  Hz 
Vip  16.9 


592 


Electrical  Technology 


Hay's  Bridge 

It  is  also  a  modification  of  the  Mas  we!  I  -Wien  bridge  and  is  particularly  useful  if  the  phase 
angle  of  the  inductive  impedance  =  taji  'td)^/  R)  is  large.  The  networlt  is  shown  in  Fig.  16.10, 
It  is  aeen  that,  in  this  case,  a  comparatively  smaller  series  resistance  is  used  instead  of  a  parallel 
resistance  (which  has  to  be  of  a  very  large  value). 

Here  /  -  R  _ -J~;Z,  =  fl, 

'      1  roC, 
Kg  =  KV  +  jwLi,Z4  ~  RA 
Balance  condition  is  /  ,/ . 


or  !(Ri  +  jCBL3)  =  R2R^ 

Separating  the  reals  and  the  imaginaries,  we  obtain 

=  0 


Mr) 


L  It 

/?,/?,  +  —  =  R^Ra  and  cat?/?,  

C,  0)C, 

Solving  these  simultaneous  equations,  we  get 

L,  =  '  2  *  ,  and  «3  = 

l+tn'RfC,2 


1  +  (»2ff2cf 


The  symmetry  of  expressions  should  help  the  readers 
Fig.  I  ft.  HI  lo  remember  the  results  even  when  branch  elements  are  ex- 

changed,  as  in  Ex.  16.5, 
Exnniple  16-5.  The  four  urms  of  a  Hay's  ax.  bridge  art  arranged  as  follows:  AS  is  a  tot!  of 
unknoivn  impedance;  BC  is  a  ncm-rvactive  resistor  of  1000  ft :  CD  is  a  non-reactive  resistor  of 
H3J  ft  in  series  with  a  standard  capacitor  aJ'OJS  \xF ;  DA  is  a  nnn-reuctive  resistor  16.800  ft . 
If  the  \upp\\  frequence i\  50  Hz  determine  flte  inductance  and  the  resistatice  m  tit*  baltim  f  con- 
dition. (PR**  Mcasu.  A.MXE.  tm  B,  1992  > 
Solution.  The  bridge  circuit  is  shown  in  Fig.  16.1 1. 

u)  =  277  x  50  =  3 1 422rad/  s;  u>2  =  3 14  22  -  98,721 


98.721  X  i0.38  .x  Ifff  }*  K933K]  6.800  X 1000 


R,  - 


I  +98,721  x  833"  x  (0.38x10  ) 
I  6,800  x  1 000  x  038  x  1 0 


=  210  n 


1  +  98,7  2 1  x  8332  X  ( 0.38  X 1 0^ ) 1 
B 


=  6.38rl 


rig.  16.11  Mr.  Iti.12 

6.6.  The  Owen  Bridge 

The  arrangement  of  this  bridge  is  shown  in  Fig,  16.12.  In  this  method,  also,  the  indiieiance 


A-C-  Bridget 
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is  determined  m  terms  of  resistance  and  capacitance  This  method  has,  however,  the  advantage  of 
being  useful  over  a  very  wide  range  of  inductances  with  capacitors  of  reasonable  dimensions. 


Baiiiik'e  condition  is  Z 
Here  Z.  = 


flit"  I 


Z  ■  =  fi ,  i  Z ,  =  jfjj  +  joiL^i  Zj  =  ti 4  — 


=  r3|r4 


Separating  the  reals  and  imaginaries.  we  gel  Rj=R1—^-  and      =  CiR2R4. 

4 

Since  cj  dues  nut  appear  in  the  final  balance  equations,  hence  the  bridge  is  unaffected  by 
frequency  variations  and  wave-form. 
16.7.  Huawsihle-Qunphell  Equal  Ratio  Bridge 

It  is  a  mutual  inductance  bridge  and  is  used  for  measuring  self-inductance  over  a  wide  range 

in  terms  of  mutual  inductometer  readings.  The  connections 
for  Heaviside's  bridge  employing  a  standard  variable  mu- 
tual inductance  are  shown  in  Fig.  16.13.  The  primary  of 
the  mutual  inductometer  is  inserted  in  the  supply  circuit 
and  the  secondary  having  self- inductance  Ln  and  resistance 
ft,  is  put  in  arm  2  of  the  bridge.  The  unknown  inductive 
impedance  having  self- inductance  of  l.f  and  resistance  ff{ 
t$*~R.  ~*U        is  placed  in  arm  I.  The  other  two  arms  have  pure  msis- 

A  ^-  "   C    unices  of  R^  and  R  . 

Balance  is  obtained  by  varying  mutual  inductance 
M  and  resistances  R^  and  ft 

For  balance,  /,/f3  =  /:ft,   ...  (i) 

1 1  kRx  ■+■  ytuL, )  =  /j(/?2  +  jiaL;, )  +  j(oMI  ...  Ui) 

Since  /  =  /  +  /    hence  putting  the  value  of  /  in 


Ffe.  16.13 


equation  (it),  we  get 

/|lff,+i<Olt,-Af)]: 


am 


Dividing  equation  \iu)  by  In.  we  have  — —  3  =  — —  *  - 


Rj\Rj-¥  jtait^  +At\)=R4{Ri  +jta{L]-M)} 


Equating  the  real  and  imaginaries,  we  have  ft;,  ft. 


ft,ft, 


Balancing 
Cc.il 


...  f/vl 

Also,  Rj,  {L2  +  M)  =  R4  (L  -  M) .  MR  =  *4.  then  +  Af  =  {Lt -M)  Lt  -L^  =  2M  ...  (v) 
This  bridge,  as  modified  by  Campbell,  is  shown  in  Fig.  16.14.  Here  =  R  .  A  balancing 
coil  or  a  test  cull  ul  scif-induclancc  equal  lu  the  self-inductance  L,  of  the  secondary  of  the 
inductometer  and  of  resistance  slightly  greater  than 
ft,  is  connected  in  series  with  the  unknown  inductive 
impedance  {R  and  L  )  in  arm  1.  A  non-inductive  re- 
sistance bos  along  with  a  constant-inductance  rheo- 
stat are  also  introduced  in  arm  2  as  shown. 

Balance  is  obtained  by  varying  M  and  r.  Two 
readings  arc  taken:  one  when  Z  is  in  circuit  and  second 
when  Z}  is  removed  or  short-circuited  across  its 
terminals. 

With  unknown  impedance  Z(  still  in 
circuit,  suppose  for  balance  the  values  of  mutual 
inductance  and  r  are  M (  and  r(.  With  Zi  short-cir- 
cuited.  let  these  values  be  M,  inJ  rr  Then 

L,  =  2<M,  -  M,)  and  ft,  =r,-r,  D 

Fig  it, it 
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By  this  method,  the  self- inductance  and  resistance  of  the  leads  are  eliminated. 

f  wimple  IG.u,  />ic  inductance  of  u  c<>i!  is  measured  by  uwrj;  the  HeaciMde-tiimftbell  equal 
rata)  hndge.  With  the  test  coil  \ht*rtc  initiated,  bttlancc  is  ainametl  when  adjustable  non-rraitivr 
resistance  is  /^.o.^Q  ami  mutual  mdwiameter  is  set  m  O.I  mH  When  the  test  colt  m  hi  t  in  mt 
balance  is  »btamed  when  itn  adjustable  resistance  «  25  y  fj  and  mutual  induciomrier  is  set  tit 
fj;(p  mil  What  fa  fAr  resistance  anil  inductance  trfthr  coil? 

.Solution.  With  reference  to  Art.  167  and  Fig.  16.  U,  r,  =  25.9  Q ,  W,  =  15.9  mH 

With  test  coil  shot-circuited  r  -  12,63  Q ;  M  =  0.1  mH 

C ,  =  2  (W,  -  M,)  =  2  (15.9  -01)  =  31.6  mH 

fil  =  -r,  -r,  =  25.9  -  12.63  =  13.27  ii 

16.8.  CuprtcitHiu*.  Bridges 
We  will  consider  only  Oe  Saury  bridge  method 

of  comparing,  two  capacitances  and  Schering  bridge 
used  for  the  measurement  of  capaciianee  and  dielec- 
tric toss. 

16.9.  De  Saury  Bridjie 
With  reference  to  Fig  16. 1 5,  let 

C,  =  capacitor  whose  capacitance 

is  to  he  measured 
C  =  a  standard  capacitor 
Rfl  jR2  =  tvoti- inductive  resistors 
Balance  is  obtained  by  varying  either  ff(  or 
For  balance,  points  B  ud  £)  are  at  the  same  potential 

-  .  =7^,  arid  ^-./. 


ojC, 


qjC, 


Dividing  one  equation  by  the  other,  we  get 


Fie,  NUS 


The  bridge  has  maximum  sensitivity  ■.vhen  (\  ~  Cv  The  simplicity  of  this  method  is  offset 
In  ilu-  impossibility  uf  obtaining  a  pcri'eci  balance  il  both  the  capacitors  are  not  tree  irom  lhe 
dielectric  loss.  A  perfect  balance  can  only  be  obtained  if  air  capacitors  ore  used. 
16.10,    Schering  Bridge 

I:  \s  one  of  the  very  important  and  useful  methods  of  measuring  the  capacitance  and  dielec- 
tric loss  of  u  capacitor.  In  fact,  it  is  a  device  for  comparing  an  imperfect  capacitor  C,  in  terms  of 
a  loss-free  standard  capacitor  C}  [Fig.  16,16  (o)J.  The  imperfect  capacitor  is  represented  by  its 
equivalent  loss-free  capacitor  £,  in  series  with  a  resistance  r  \l-\y,  lh.16  \h\\ 


l  it.  1 t,.  I  ft 
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For  tugh  voltage  applications,  the  voltage  is  applied  at  the  junctions  shown  in  the  Figure.  The 
junction  between  arms  3  and  4  is  canned.  Since  capacitor  impedances  at  lower  frequencies  arc 
much  higher  than  resistances,  most  ul  the  voltage  will  appear  across  capacitors.  Grounding  of  [he 
junction  affords  safety  to  the  operator  form  the  high-voltage  hazards  white  making  balancing  ad- 
jufttmcnl  in  arms  3  and  4. 

^~  \  Zj  =  f  ;  Z  ^  =    ;  Z  $  = 


IS  I  PIS 


Z,  = 


For  balance  .  Z,Z, 


toC, 

/.  / 

:  - 


,     L     wC,  J|j  +  j<oC,R4  J     niC,  ^  (DCjJ 


Separating  the  real  and  imaginaries,  we  have  C3  -C,{Ri  I R{)  and  r  =  /f3,(C4  fC,  J. 

The  quality  of  u  capacitor  is  usually  expressed  in  terms  of  its  phase  defect  angle  ot  dielectric 
loss  angle  which  is  defined  as  the  angle  by  which  current  departs  from  exact  quadrature  fnun  the 
applied  voltage  Le.  the  complement  uf  the  phase  angle.  If  4*  is  the  actual  phase  angle  and  fi 
the  defect  angle,  then  Cf  +  b  —  W" .  For  small  values  of  6  .  tan  6  -  sin 
5  =  cos  $  (approximately).  Tan  6  is  usually  called  the  dissipation 
factor  of  the  R— C  circuit.  For  low  power  factors,  therefore,  dissipation 
factor  ■  ^  approxi match  equal  n>  ihe  power  Ijelor. 

As  shown  in  Fig.  16.17, 

Dissipation  factor  =  power  factor  —  tan  5 


Fir.  lfc.17 


Putting  the  value  of  rC\  from  above. 

Dissipation  factor  =  mrO  =  usCiRA  =  power  factor. 

Example  16.7.  In  tt  text  on  a  bakeltte  sample  at  20  kV,  SO  Hz  by  a  Schvring  bridge,  having 
a  standard  tapaaiot  nj  }lir>  [if-  hutmii  :■  »«,(  obtained  w  ith  a  capacitance  trfQ,35\lF  in  parallel 
null  a  nun-inductive  reusuinre  of  il<S  ohtm  ihc  non  inductive  resistance  in  the  rrmainmi!  arm  i/f 
the  bridge  ttemg  !3<>  ohms.  Determine  the  capacitance,  the  p.f.  and  cquoaUni  wn>,\  resistance  of 
the  fpeamen.  Derive  an)  formula  used  Indicate  the  precautions  to  be  obser\-ed  for  avoiding 
errors.  i  Elect.  Engg.  Paptr  I,  Indian  Engg.  Services  1991) 

Solution.  Here  C(  a  106  pF.     =  0J5  \xF ,  R^  =  318  n .  R^  =  I30fl 

Cj  =Ct.(i?JAf,)  =  106x318/130  ■  259 3  pF 

r^.ld/qi^lSOxOJSxlO^MOexlO-12  =  0.429  Mi  J 

p.f-=  0QfC2  =  {2;lx50)xa,429xl0,*  x2593xltr12  =  tiUJs 
Example  16.8.  A  tosy  capacitor  is  tested  with  a  Sphering  bridge  cinruit  Balance  obtained 
with  thr  captii  nor  tinder  test  in  one  arm.  the  succeedinif  arms  being,  a  nim-uulurtive  resistor  of 

M0  11 .  a  non-reactive  resistor  nf  309  H  in  parallel  with  a  purr  capacaor  of  0.5  \lF  and  O 
standard  capachar  of  V09  jJJif' .  77ie  supptv  frequence  is  50  ffz.  Calculate  from  the  equation  at 
balance  the  equivalent  series  capacitance  and  power  factor  (ul  50  Ifz)  of  the  capacitor  under  test, 

(Measu.  &  Instm,,  Nogpur  Vni\  I9l2i 

Solution.  Here,  wc  are  given 

Gj  =  I09PF  i     =  won :  C4  =  0J  UP :  A4  =  309  Q 
Equivalent  capacitance  is  C\  =  1 09  x  309/  100  -  336.8  pF 

p.f.  =  toC4«,  =3)4x03x10-*  x  309  =  IUM85 
16.11.  Wien  Series  Bridge 

It  is  a  simple  ratio  bridge  and  is  used  for  audio-frequency  measurement  -of  capacitors  over  a 
wide  range.  The  bridge  circuit  is  shown  in  Fig.  16.18- 
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Fig.  16.18  I- in-  16.19 

Hie  balance  conditions  may  be  obtained,  in  the  usual  way.  For  balance 

Rt  =  R*R4  / fl,  and  C,  =  C4  (Ry  I  Rz) 

UUX  Wlcn  Parallel  BridRe 

ll  is  also  a  ratio  bridge  used  mainly  as  (be  feedback  network  in  the  wide-range  audio- fre- 
quent:;, ft-C  oscillators.  It  may  he  used  iut  measuring  audio-frequencies  although  ii  is  not  us  accu- 
rate as  the  modem  digital  frequency  meters, 

The  bridge  circuit  is  shown  in  Fig.  16.19  In  the  simple  theory  of  this  bridge,  eapneiinrs  C, 
and  £L  are  assumed  to  be  loss-free  and  resistances  /?(  and  /(,  are  separate  resistor*. 

The  usual  relationship  for  balance  gives 


Separating  the  real  and  imaginary  terms,  we  have 


and 


or 


tuC, 


or 


or 


C,     fl4  «2 


ft  ftjCjt^ 


(i) 


(«■) 


I 


Hz 


ivjR&qCj 

Note.  Eq.  (if)  may  be  used  lo  find  angular  frequency  en  of  (he  source  if  terms  are  known, 

F  or  such  purposes,  it  is  convenient  to  make  <T,  =  ZC:,/fj  =  RA  and  fl2  =  2Rt .  In  that  ease,  the 

bridge  has  equal  ratio  arms  so  that  Eq.  (i)  will  always  be  satisfied.  The  bridge  is  balanced  simul- 
taneously by  adjusting  R^  and  /?,  (though  maintaining  R^  =  Z/?().  Then,  as  seen  from  Eq,  (it)  above 

00s  =  I  /  (Rt2Rt  2C7.C2)  or  co  - 1/  (2R£t) 

l.\umpk  16.9.  flte  arm*  of  a  four-arm  bridge  A&CD,  supplied  with  a  xittusotdal  valtage. 
have  the  following  raltta; 

AH    200  I'fttn  tvsi.MiWi  '  in  parallel  with  I  u>"  capacittv,  BC  :  400  ohm  rrsiititnce;  CD  • 

ffHtfi  ohm  trmuuwe  and  HA    rriri'Mt,  ti  m  i%-nlt  ,1  2p7   t  upa,  m» 

Determine  fn  the  wiite  of  R  and  {it I  the  supfdy  frequency  at  which  the  bridge  wtli  be  bid- 
anced.  (Elect.  MtaW.  A.MXE.  See.  1W1 1 
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Solution,  The  bridge  circuit  is  shown  in  Fig.  16.20. 
(0  As  discussed  in  Art.  16.12,  for  balance  we  have 


R,  /?] 


ttr  -  = 


ifrno  a 


I     4UQU  200 


.-.  /?  =  200  x  0.5  =  100  U 

(rr)  The  frequency  ai  which  bridge  is  balanced  is 
given  by 


/  = 


] 


10* 


=  7V6  H/ 


500  ft 


2x,/ 100  x  200*  1*2 

Tutorial  Problems  No.  16.1  ,fiJ0 

1.  In  Anderson  a_e  bridge,  an  impedance  ot  inductince  L  and  resistance  R  is  connected  heiween  A  and 
B,  For  balance  following  data  is  obtained.  An  ohmie  resistance  of  lOOOfj  eiu:h  jn  arms  AD  and  CD.  a  non- 
inductive  resistance  kit'  500  ft  in  BC.  a  pure  resistance  of  20011  between  points  D  and  E  and  a  capacitor  of 
2}iF  between  C  and  £.  The  supply  is  10  volt  (A.C.I  at  a  frequency  of  100  Hz  and  is  connected  across  pom  is 

A  and  C  Find  L  and  A.  1 1.4  ff;  50ft  £)  | 

2.  A  balanced  bridge  has  the  following  component*  connected  between  in  five  nodes.  A,  B,  C,  D  and  E. 
Between  A  and  8  :  1,000  ohm  resistance:       Between  B  and  C  ;  1.000  ohm  resistance 
Between  C  and  D  :  on  inductor;                   Between  £>  and  A  :  218  nbni  resistance 
Between  A  and  £  :  -469  ohm  resistance',         Between  E  and  fl  ;  10 M  F  capacitance 
Between  E  and  (*  ;  ■  detector                      Between  B  and  /}  :  a  power  supply  ta_c.| 
Derive  tne  equations  of  balance  and  bencc  deduce  ine  resistance  jud  trtductance  or  the  imlucuir 

|R  =  il«  11 ,  L  =  7.tW  H|  (£/ert  77ie0ry  and  Meas.  London  Uriv.l 
X  An  llc  bridge  is  arranged  as  follows:  The  arms  AS  and  BC 

consist  of  non-inductive  resistance  of  lOOfl .  the  arms,  BE  and  CD 
of  mirt-indocuvc  variable  resistance*,  the  arm  EC  of  a  capacitor  of  1 

M-F  capacitance,  the  arm  DA  of  cm  inductive  resistance.  The  u. 
source  is  connected  to  A  and  C  and  the  telephone  receiver  to  £  and  D. 
A  balance  is  obtained  when  the  resistances  of  the  arms  CD  and  BE 
ate  50  a  and  2500  Q  respectively. 

Calculate  the  resistance  and  the  inductance  of  the  arm  DA. 
What  would  be  die  effect  of  harmonics  in  the  waveform  of  the  alter- 
nating current  source-1  150  U  ;  0.25  H| 

4.  For  the  Anderson's  bridge  of  Fig.  16.21,  the  values  are 
undrrbalancc  conditions.  Determine  the  values  of  unknown  resis- 
tance R  and  inductance  L  |  K  =  SOU  Q ;  L  =  I J  tl| 

{Elect.  Meas  &  Inst.  Madras  Univ.  Nov.  1978) 

5.  An  Anderson's  bridge  is  arranged  as  under  and  balanced  for 
the  following  values  of  the  bridge  components: 

Branch  AB  -  unknown  coil  of  induclnnce  /.  ;uul  resistance  R 
Bianch  BC  -  non-mducave  resistance  of  500  it 
Branches  AD  &  CD  -  non-inductive  resistance  of  100  II  each 
Branch  DE  -  non-inductive  resistance  of  200  Q 
Bianeh  EB  -  vibration  galvanometer 
Brunch  EC  -  10  uF  capacitance 

Between  A  and  C'ts  10  V,  1 00- Hz  ax.  supply.  Find  the  values  of  ff  and  L  ni  ilic  unknown  coil. 

|R  =  S00  G ;  I.  m  4L5  H I   (fleer.  Meas  A  Meas.  Inst..  Gujarat  Univ.  Oct.  1977) 
h.  An  a_c.  Anderson  bridge  is  arranged  as  follows: 
(0  branches  BC  and  ED  are  variable  non-reactive  resistors 
(ii|  branches  CD  and  DA  are  non-reactive  resistors  of  200  ohm  each 
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(iifi  brandi  CE  is  a  loss-free  capacitor  of  J  f&  capacitance. 

The  supply  is  connected  across  A  and  C  and  the  detector  across  B  and  E.  Balance  is  obtained  when  the 
resistance  of  BC  is  400  ohm  and  lhai  of  ED  is  5fJ0  ohm.  Calculate  the  resistance  and  inductance  or  AB.  ■ 
Derive  the  relation  used  and  draw  live  vector  diagram  for  balanced  eonditiiai  of  the  bridge, 

[44KI  O  ;  0.4M  U\  {Elect,  Measurements.  Ftrtitui  Univ.  May  1979) 
7.  tn  a  balanced  bridge  network.  AB  is  a  resistance  of  500  ohm  in  series  with  an  inductance  of  0. IS 
henry,  the  nan-inductive  resistance*  HC  and  DA  have  values  of  1000  ohm  and  arm  CD  consists  of  a 
capacitance  of  C  in  scries  with  a  resistance  ft.  A  potential  difference  of  5  volts  at  a  frequency  5000/ lit  is 
the  supply  between  die  points  A  and  C.  Find  out  the  values  of  H  and  C  and  draw  the  vector  diagram. 

(472  11;  0.235  Hi  b'\  (Elect.  Measurements,  foono  Van..  April  1979) 
ft.  A  sample  of  bakclitc  was  tested  by  the  Sphering  bridge  method  at  25  kV,  50-Hz.  Balance  was 
obtained  with  a  standard  capacitor  of  106  pF  capacitance,  a  capacitor  of  capacitance  0.4  JjiF  in  parallel  with  I 
non-reactive  resistor  of  316  Q  ami  a  non-reactive  resistor  of  120  12  .  Determine  die  capneiianee,  the  equivalent 
scries  resistance  and  the  power  Factor  of  the  specimen.  Draw  the  phase  or  diagram  for  the  balanced  hridge. 

|2KI  pF  ;  0.452  M  Q ;  II.IM  |  {Elect.  Measurememsdt;  Bangalore  Univ.,  Jan.  I  Will 
9.  Hie  conditions  at  balance  of  a  Schermg  bridge  set  up  to  measure  the  cupacilnnoo  and  loss  angle  of 
a  paper  dielectric  capacitor  ate  as  follow*: 

/=500Hz 

Z  =  a  pure  capacitance  of  0.1  pF 

Z;  ^  a  resistance  of  500  Q  shunted  by  a  capacitance  of  D.OOW  p|- 

Z*  =  purr  resistance  of  1 63  £2 

Z"  =  the  capacitor  under  test 
Calculate  the  approximate  values  of  die  loss  resistance  of  the  capacitor  assuming— 
(a j  series  loss  resistance  (/>)  shunt  loss  resistance.  [5.37  12  .  IK7.IKH)  a.  1 l  London  Univ.) 

OBJECTIVF  TESTS  -  Lb 
J.  Msxweli-Wien  bridge  ss  used  for  measuring 
(a)  capacitance 


i,fji  dielectric  loss 
(v)  inductance 
if.' i  phase  Angle 

Maxwell''.  IJC  bridge  is  so  culled  because 
{a)  it  employs  i  and  C  in  two  arms 
{hi  ratio  L/C  remains  constant 
(e)  for  balance,  it  uses  two  opposite  imped- 
ances in  opposite  arms 
(d)  balance  is  obtained  when  L  =  C 
-       bridge  is  used  for  measuring  an  un- 
known inductance  in  terms  of  a  known  ca- 
pacitance and  resistance. 
(a)  Mam  well's  L/C 
ib)  Hay's 
ic  i  Owen 
{if)  Anderson 

Anderson  bridge  is  a  modification  of  _  

bridge. 

{a)  Owen 

{b)  Hay's 

(ci  Dc  Sauty 

((/I  Max  welt- Wicn 


Hoy's  bridge  is  particularly  useful  for 
mcasujuijj 

(fl)  inductive  impedance  with  Large  phase  angle 

(b)  mutual  inductance 
ic)  self  inductance 

(iff  capacitance  and  dielectric  loss 

The  most  useful  ac  bridge  for  comparing 

capacitances  of  two  air  capacitors  is   

bridge. 

(a  I  Schcring  (b)  Dc  Sauty 

(c)  Wjen  series         id)  Wien  parallel 
Heavi  side -Campbell  ImjuuI  Ratio  bridge  is 
used  for  measuring 

(a)  self-inductance  in  terms  of  mutual 

Inductance 
ih)  capacitance  in  terms  of  inductance 
(c)  dielectric  loss  of  an  imperfect  capacitor 
\d)  phase  angle  of  a  coil 
The  capacitance  and  dielectric  loss  of  a  ca- 
pacitor is  generally  measured  with  the  help 

of    bridge. 

ia)  De  Saury 
{b)  Schering 

(c)  Wien  Scries 

(d)  Anderson 
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A  C.  FILTER  NETWORKS 


I'M.  Inn  tidui  

The  reactances  of  inductors  and  capacitors  depend  on  llw  frequency  of  the  a.c.  signal  ap- 
plied lo  them.  That  Is  why  these  devices  are  known  m  frequency-selective.  By  using  various  com- 
binations of  resistors,  inductors  and  capacitors,  we  can  make  circuits  that  have  the  property  of 
passing  or  rejecting  cither  low  or  high  frequencies  or  hands  <)[  frequencies.  Ibese  frequency  - 
selective  networks,  which  alter  the  amplitude  and  phase  characteristics  of  the  input  a.c.  signal,  are 
called  filters.  Their  performance  is  usually  expressed  in  terms  of  how  much  attenuation  a  band  of 
frequencies  experiences  by  passing  through  them.  Attenuation  is  commonly  expressed  in  terms  of 
decibels  (dB>. 
17.2.  Applications 

A.C.  filters  find  application  in  audio  systems  and  television  etc.  Bandpass  filters  are  used  to 
select  frequency  ranges  corresponding  to  desired  radio  or  television  station  channels.  Similarly, 
bandstop  fillers  arc  used  to  reject  undesirable  signals  that  may  contaminate  ilie  desirable  signal 
For  example,  low- pass  tillers  are  used  to  eliminate  undesirable  hum  in  d.e.  power  supplies. 

No  loudspeaker  is  equally  efficient  over  the  entire  audible  range  of  frequencies.  That  is  why 
high-fidelity  loudspeaker  systems  use  a  combination  of  low-pass,  high-pass  and  bandpass 
fillers  i called  crossover  networks)  to  sep.tc.uc  and  then  direct  signals  of  appropriate  frequency 
range  lothe  different  loudspeakers  making  op  ihe  system.  Fig.  17.  t  shows  the  outpui  circuit  "I  .i 
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Rg.  17.1 

higb-fidelits  audio  amplifier,  which  uses  three  fillers  to  separate,  the  low.  mid-range  and  high 
frequencies,  for  feeding  them  to  individual  loudspeakers,  hesi  able  to  reproduce  them, 
1 7 J.  Different  Types  of  niter* 

AC.  filter  networks  are  divided  into  two  major  categories:  (0  active  networks  and  (ifl  pas- 
sive networks. 

Active  filler  networks  usually  contain  transistors  and/or  operational  amplifiers  in  combina- 
tion with  R,  L  and  C  elements  lo  obtain  the  desired  filiering  effect.  These  will  not  be  discussed  in 
this  bp^k.  I^mjll  consider  passive  filter  nei  works  only  which  usually  consist  of  series-parallel 
combinations  df  H,  L  and  C  elements.  There  are  four  types  ot  such  networks,  as  described  below: 


-  
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1.  Low-l'ass  Filler.  As  the  name  shows,  it  allows  only  low  frequencies  to  pass  through,  but  attenu- 
ates {to  a  lesser  or  greater  extent)  all  higher  frequencies.  The  maximum  frequency  which  it  allows 
to  pass  through,  is  called  cutoff  frequency  /  (also  called  break  frequency;.  There  are  R;  and  Rc 
tow-pass  filters. 

2.  High -Pass  Filler.  H  allows  signals  with  higher  frequencies  to  pass  from  input  to  output  while 
rejecting  lower  frequencies.  The  minimum  frequency  it  allows  to  pass  is  called  cutoff  frequency  f- 
There  arc  Rs  and  R(.  high-pass  fillers. 

3.  Bandpass  Filler.  It  is  a  resonant  circuit  which  is  Lined  to  pass  a  certain  band  or  range  of 
frequencies  while  rejecting  all  frequencies  below  and  above  this  range  {called  passband). 

4.  Bandstop  Filter.  It  is  a  resonant  circuit  that  rejects  a  certain  band  or  range  of  frequencies  while 
passing  :ih  frequencies  he  low  asut  above  I  he  lejwidl  hand.  Such  filters  are  also  called  wavetrsips, 
notch  filters  or  band-eEmination,  band-separation  or  band-rejection  fillers. 

17.4.  Octaves  and  Decades  of  Frequency 

A  filter's  performance  is  expressed  in  terms  of  the  number  of  decibels  the  signal  is  increased 
or  decreased  per  frequency  octave  or  frequency  decade.  An  octave  means  a  doubling  or  halving  of 
a  frequency  whereas  a  decade  means  tenfold  increase  or  decrease  in  frequency, 

17.5.  The  Decibel  System 

These  system  of  logarithmic  measurement  is  widely  used  in  audio,  radio,  TV  and  instrument 
industry  for  comparing  two  voltages,  currents  or  power  levels.  These  levels  are  measured  in  a  unit 
called  bel  (B)  or  decibel  (dB)  which  is  \f)if'  of  a  bel. 

Suppose  we  want  to  compare  the  output  power  P  of  a  filter  with  its  input  power  P..  The 
power  level  change  is  =  10  teg*^*/P  dB 

It  should  be  noted  that  dB  is  the  unit  of  power  change  (i.t.  increase  or  decrease)  and  not  of 
power  itself.  Moreover,  20  dB  is  nol  twice  as  much  power  as  HUB. 

However,  when  voltage  and  current  levels  are  required,  then  the  expressions  an?: 
Current  level  =  20  log|(j  dB 
Si  mi  lady,  voltage  level  =  20  log  V^/V.  dB 

Obviously,  for  power,  we  use  a  multiplying  factor  of  10  but  for  voltages  and  currents,  we 
use  u  multiplying  factor  of  20. 

17.6.  Value  or  1  dB 

It  can  be  proved  that  I  dB  represents  the  log  of  two  powers,  which  have  a  ratio  of  1. 2b. 

I  dB  -  i0iog,„  (P}  I  Py  >  or  log       I  Pt)  =  0.1  or  ^  ■  ltf° '  "  \M 

Hence,  it  means  Utat  +  I  dB  represents  an  increase  in  power  of  26%. 

Example  17.1.  Tlif  ui/mi  oml  output  voltages  of  a  filter  network  are  /ft  WV  anil  fi  m\'  tr- 
sptcawfy  Calculate  the  decibel  level  of  the  output  voltage. 

Solution.  Decibel  level  =  2DlD£]a(VQ/V.)dB  =  -20  log  (WVn)  dB  =  -20logm(l6/S)  *  -  6  dB 
Whenever  voltage  ratio  is  less  than  1,  its  log  is  negative  which  is  often  difficult  to  handle.  In  such 
cases,  it  is  best  to  invert  the  fraction  and  then  make  the  result  negative,  as  done  above 

Example  17 2.  Thy  output  power  vj  a  filter  it  l()0  mW  when  tlie  signal  frequency  in  5  kHz. 
When  the  frequency  it  increased  to  25  kHz.  she  output  pi>wcr  foils  to  5f)  mW.  Calculate  the  ,lli 
change  in  power. 

Solution.  The  decibel  change  in  power  is 

-  10  log1(t(50/100)  =  -  10  log^nOOW)  -  -  10  |og]U  2  =  —  10  k  0.3  =  —  3  dB  ^  V" 
Example  17.3.  The  output  voltage  of  an  amplifier  is  10  V  at  5  kHz  dot)  £w  V\t\'  *>  kHz. 
What  i\  the  dectbef  change  ui  flic  output  voltage? 

Snlutiom  Decibel  change  *  20  logjVJV)  =  20  lt&n&Mty  =    20  log,  J 10/7 .07) 

=  -  20  x  OAS --3dB 


AX\  Filter  Networks  Mil 
17.7,  l^w-Pass  RC  Fllltr 

A  simple  low-pass  RC  filler  is  shown  in  Fig.  17.2  (a).  As  slated  earlier,  it  permils  signals  uf 
lew  frequencies  upto  jT  to  pass  through  while  attenuating  frequencies  above  f  .  'Hie  range  of  fre- 
quencies upto  ft  is  called  the  passband  of  die  filler.  Fig,  17,2  (h)  shows  the  frequency  response 
curve  of  such  a  filter,  ft  shows  how  the  signal  output  voltage  V  varies  with  ihe  signal  frequency. 
A.s  seen  in  /  .  output  signal  voltage  is  reduced  to  7Q.7%  of  the  input  voltage,  The  output  is  said  to 
be  -  3  dB  at  /\  Signal  outputs  beyond  /  roll-off  or  attenuate  at  a  fixed  rate  of  -  6  dB/octave  or 
-  20  dB/decade.  As  seen  from  the  frequency-phase  response  curve  of  Fig,  17.2  (c),  the  phase  angle 
between  VQ  and  V  js  45°  at  cutoff  frequency  jL 


K 


fa) 


Y\.  17.2 

By  definition  cutoff  frequency  f  occurs  where  (a)  =  70,7%  V  ie.  V<}  La  -  3  dH  down  from 
V.  (b)  R  =  A'  and  VR  -  VL in  magnitude,  (c)  The  impedance  phase  angle  fl  =  -  45°.  The  same  hi 
the  angle  between  V~.  and  V(. 

As  seen,  the  output  voltage  is  taken  across  the  capacitor.  Resistance  R  offers  fixed  opposi- 
tion to  frequencies  but  ihe  reactance  offered  by  capacitor  C  decreases  with  increase  in  frequency 
Hence,  low- frequency  signal  develops  over  C  wherey  n  high -frequency  signal*  are  grounded.  Sig- 
nal frequencies  above/  develop  negligible  vollctiie  wens  C.  Since  R  and  C  are  in  series,  we  can 
Us  id  die  low  frequency  output  voltage  V  developed  across  C  by  using  the  voltage -divider  rule. 


V^V.-I^-and  /,=■ 


! 
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17.8.  Other  Types  or  Low-Puss  Filters 

There  are  many  other  types  of  low-pass  filters  in  which  instead  of  pore  resistance,  scries 
chokes  arc  commonly  used  alungwith  capacitors. 

lii  Inverted-!.  Type,  li  is  shown  Ln  Fig.  I7J  (o).  Here,  inductive  reactance  of  the  choke 
blocks  higher  frequencies  and  C  shorts  them  to  ground.  Hence,  only  tow  frequencies  below/,  (for 
which  X  is  very  low)  are  passed  without  significant  attenuation 

at)  T»Type.  It  is  shown  in  Fig.  17.3  (b).  In  this  case,  a  second  choke  is  connected  on  the 
output  side  which  improves  the  filtering  action. 

i  tin  it-Type,  it  is  shown  in  Fig.  17,3  (c).  The  additional  capacitor  further  improves  the  filter- 
ing action  by  grounding  higher  frequencies. 
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tt  would,  be  seen  from  the  above  figures  thai  choke  is  always  connected  in  series  between  the 
input  arid  the  uutput  and  capacitors  are  grounded  in  parallel.  The  output  voltage  is  taken  across  the 
capacitor, 

l-.\umpU-  17,4.  A  simple  )<n,  puss  KL'  filter  having  a  cutoff  frequent:}  of  I  kHz  n  cnnturirtt 
in  a  tvsnxtant  at:  vumr  nf  10  V  with  variable  frequency,  Calculate  the  follmcmg  : 

Ui)  value  of  C  li  tt-  \OkU  \i>l  output  voltage  and  its  decibel  level  when 
to  f=ff  («)  f=2f  and  Uii)  f=  (0/  . 

SoliilkHi.tfljAt  /r,  r  =  Xr  =  l/2lt/f  or  C=  I /2li  x  Lx  101  xWk  10J  =  15.9x10^  =  15.9  nF 
W  (0  /  =  /r  =  IkHz.  Now,  -j^  =   =  -;10  =  Id  z-9Qa  a 


-■^-10-  -® 


fl-jX,  10-yl0 

Output  decibel  level  *  20  log|0  (vJft)  -  -20  log(j|  (V/Vfl)  -  -20  logw  (lim707)=  -  3  dB 
(ff)  Hek,  /  =  2/  =  2  kHz  i.e.  octave  nl  /  .  Since  eapaeilive  reactance  is  inversely  prunm 

ticmal  to  frequency,     ATcj  -Crl(/,//2)  =  -yl0fl/2)  = -;5  =  5Z-90"i£l 
5Z-900  5°Z-900 

v!n  — 


lG-,/5  lLISZ-2o.fr3 


-=4,472Z-n3,4a 


Decibel  level  =    20  Jog    {VfV  \  =  -20  log    (1074.472)  =  -6.98  dB 

(1/0  Jtg  -         -  -  j  io  (\i  to)  =  ;i  =  i  z  -  w  *£i 

,.     V-10^^  =  1Z-^ 
10-/1 

Decibel  level  =  -20  log  (10/1)  -  -20  dB 
17.9.  I  nw-lVis  RL  Filler 

It  id  shown  in  Fig,  17.4  to).  Here,  coil  offers  high  reactance  to  high  frequencies  and  low 
reactance  to  low  frequencies.  Hence,  low  Frequencies  uplo  /  can  pass  through  Lhc  eoil  without 
much  opposition.  The  output  voltage  fa  developed  across  R.  Fig  17.4  (b)  shows  the  frequency- 
outpui  response  curve  of  the  filter.  As  seen  at  /,  VQ  -  0.707  V  and  its  attenuation  level  is  -3  dB 
with  respect  to  V  i.e.  the  voltage  at  /=  0. 
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However,  it  may  be  noted  that  being  an  RL  circuit,  the  impedance  phase  angle  is  +45'  (.and 
not  -45"  as  in  low-pass  RC  Alter).  Again  al£,  R  =  XL, 

Using  the  voltage -divider  rule,  the  output  voltage  developed  across  R  is  given  by 

v  -  v      R  t  R 

R+jXL  2kL 

Example  17.5.  rln  eir  signal  having  anutam  amplitude  oj  10  V  but  variable  frequency  i.\ 
iif>i>Uett  arrow  a  simpit  low-pass  Rt.  circuit  with  a  cutoff  frequency  of  f  klh  Calculate  la)  value 
ofLifR*  IkLi  lb)  output  voltage  and  Us  decibel  fowl  when  ({}  f  =.  f  and  (lti)f=  10  f  . 

Sulutiim.  (a)  I=R/2Tt/r=lxlO}/2xl03  =  |59Ji  mH 
(b)  (0  f  =  fr  ~  Ik  Hz  k.jXL  —  R  —  j  l ;  V„  « 10- 


=  7.07^-45°^' 


Decibel  decrease  =  -20  Jog  (V(  /  V  J  -  -20  log(ii 
[ii)f=  2/  ~  2  kHz.  Since  XL  varies  dinecdy  will) 


10/7.07  =  -.3  dB 


/.  XL2  -  xLl  oyf,  i  =  i  x  2/1  =  2  kfl 
I  10 


K  ■  if) 


Cl  +  ;2)  2236Z63.4* 


=  4.472^  -  63.4*"' 


Decibel  decrease  =  -20  logtu  (10/4.472)  -  -  6.9S  dB 
fiii)/=  IG£  =  10  kHz  :  X^  =  1  x  10/1  <=  10Q ,  yri  = 
Decibel  decrease  =  -  20  te&jfcVQtl  1  =  -20  dB 


I 
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17.10.  Hi|>h-rass  RC  Filler 

It  is  shown  in  Fig.  17.5  to).  Lower  frequencies  experience  considerable  reactance  by  ihc 
capacitor  and  are  not  easily  passed.  Higher  frequencies  encounter  little  reactance  and  are  easily 
passed  'Hie  high  freujcncies  passing  through  the  filter  develop  output  voltage  V  across  R.  As 
seen  from  the  frequency  response  of  Fig.  13.5  (fc).  all  frequencies  above/,  are  passed  whereas 
those  below  it  are  attenuated  As  LvlWe.  J  corresponds  to  -3  dB  output  voltage  or  half-power 
point.  At/..  R  =  X  and  the  phase  angle  between  V  and  V  is  +45°  as  shown  in  Fig,  [7.5  (e).  it  may 
be  noted  that  high- pass  RC  filter  can  be  obtained  merely  by  interchanging  the  positions  of  R  and 
C  in  die  low-pass  RC  filter  of  Fig.  17.5  {el, 


M 


Fiji.  17.5 

Since  R  and  C  are  in  series  across  the  input  voltage,  the  voltage  drop  across  R,  as  found  by 
the  voltage-divider  rale,  is 

Va  =  V;  — —  and  /_  =  — — 
R-jXt        r  2kCR 

A  very  common  application  of  the  series  capacitor  high-pass  filter  is  a  coupling  capacitor 
between  two  audio  amplifier  stages.  It  is  used  for  passing  the  amplified  audio-signal  from  one 
stage  to  the  next  and  simultaneously  h!<ick  the  eonstam  d.e  voltage, 

Other  high-pass  RC  filter  circuits  exist  besides  the  one  shown  in  Fig.  17 £  (a).  These  arc 
shown  in  Fig  17.  ft. 


MM 


Eitctrkaf  Technology 


Hr 


-O  D~ 


HF 


HF 


HF 


I  f 


|lf  lf| 


R 


(<0  (ft)  (c) 

Flfr  17.6 

irr  Invertcd-I  lypc.  It  is  so  called  because  ibe  capacitor  and  inductor  from  an  upside  down 
L  ll  is  shown  in  Fig.  1 7.6  {a)-  Ai  lower  Frequencies.  Xf.  is  large  but  X{  is  small.  Hence,  roost  of  the 
input  voltage  drops  across  Xc  and  very  little  across  Xt  However,  when  the  frequency  is  increased, 
A'  becomes  less  but  A'(  is  increased  thereby  causing  [he  output  voltage  to  increase  Consequently, 
high  frequencies  are  passed  while  lower  Frequencies  are  attenuated 

m  l  T-Typc  It  uses  two  capacitors  and  a  choke  as  shown  in  Fig.  17.6  (ft).  The  additional 
capacitor  improves  the  filtering  action. 

lift)  *  -Type,  ll  uses  two  inductors  which  shunt  out  the  lower  frequencies  as  shown  in  Fig. 
17&  (c). 

tl  would  be  seen  that  in  ail  high-pass  filter  circuits,  capacitors  arc  in  scries  between  die  input 
and  output  and  the  coils  are  grounded.  In  fact  capacitors  can  be  viewed  as  shorts  to  high  frequen- 
cies but  as  open  to  low  frequencies.  Opposite  is  the  case  with  choke*. 
17.1 1   Eligh-l'iLw  kl  Filter 

ll  iv  shown  in  Fig.  17.7  and  can  he  obtained  hy 
•swapping'  position  of  R  uavi  L  in  the  low- pas*  RL 
circuit  of  Fig.  17.4  [a).  Its  response  curves  are  the 
same  as  for  high-pass  RC  circuit  and  are  shown  in 
Fig,  17.5  f>j  and  {(). 

As  usual,  its  outpul  voltage  equals  the  voltage 
which  drops  across  X^-  It  is  given  by 

I A  i        A  ,  R 

 —  and  fc   \r— 

R+jXL  2RL  fig,  17.7 

Example  17.6,  Diun>»  o  iiit>h-paM  RL  fillet  thai  Ims  a  >-uu>ff  inqufiu-v  <\t'4  kHz  when  R  - 

J  kQ .  It  it  cmmn&mi  to  a  fOZ(J*  V  variable  frequency  supply.  Calculate  the  following  : 

lu|  Indurtor  of  xndut  ium  t  L  but  nf  negligible  resistance  (hf  output  volljigc  Vfi  mid  its  decibel 
decrease  at 

il)f-  0  \d\f  =  /  frn'j  X  kHz  and  liv)  40  kHz 
SolutiotL  <a)  Z.  =  ft?  n/r  =  3/2  x  x  4  =  1 19,4  mH 

(bi  {£)  At/  =  0:  Jf;  -  0  i.e.  inductm  aeis  as  a  short -circuit  across  which  no  voltage  develops. 
Hence,  Va  =  0  V  as  shown  in  Fig  17  74 

(«/=/  =  4  kHz  ;  X,  -  R.    .-.  jX,  =  j3  =  3Z90=  k£l 

r  it  L 


v0  =  vi 


-o 


-o 


jXL 


=  iozo" 


3Z90°  30/90° 


R  +  jXL 
Decibel  decrease  - 
m/=2f  =8  kHz   ere.  X 


3+  J3  424Z45" 
20  logm(lu77.07)  =  -  3  dB 
Kfl  ->6  kfi 


=  7.07  -  45°  V 


6Z90°  60/90° 


=  H.95Z26,6°V 

3+  j6  67Z614" 
Decibel  decrease  =  -  20  lug  f  10/8,95)  =  -  0.%  dB 


rLC  Film  SrtWiirk* 


Uv)f=  \0fc  -  40  kHz;  Xa  =  10  x  ;3  =  j30  kQ 


y30 


3CX)Z90a 


3  +  j30  30,I5Z84.3D 


=  19.95Z5.?0  V 


Decibel  decrease  =  -  20  log  |f|(  10/9.95)  =  0.04  dB 
As  seen  from  Fig.  17,7,  as  Frequency  is  increased,  V  is  also  increased. 
17,12.  R-C  bandpass  Filter 

It  is  a  filter  that  allows  a  certain  band  of  frequencies  to  pass  through  and  attenuates  ail  other 
frequencies  below  and  Above  the  passband.  This  passband  is  known  as  the  bandwidth  of  the  fiftcr 
As  s. .vii.  ti  is  obtained  by  cascading  a  high-pass;  RC  filter  to  a  low-pass  RC  filter.  It  is  shown  in 
Fig.  17.8  alongwith  its  response  curve.  The  passband  of  this  filler  is  given  by  ihe  band  of  frequen- 
cies lying  between  /d  and  /   Their  values  are  given  by 

frX  =  1  / 2k  C,/f,  and     fc7  =  I  / 2nC7R2 
The  nitio  of  the  output  and  input  voltages  is  givEn  by 

-  frnm/,  lo /a; 


IS  *i-jx, 


<  i 


~R2-jX(1  ...ftom/0to/2 


la)  lb) 
I  i«.  17.8 

17.(3,  R  C  Biuidsttip  Filter 

it  is  a  series  combination  of  low-pass  and  high-pass  RC  filter?  as  shown  in  Fig.  17.9  la).  Li 
fact  it  can  be  obtained  by  reversing  the  cascaded  sequence  of  the  RC  bandpass  filter.  As  stated 
earlier,  this  filter  attenuates  a  single  band  of  frequencies  and  allows  those  on  either  side  to  pass 
through.  The  stophand  is  represented  by  the  group  of  frequencies  that  lie  between  /  and  /  when; 
response  is  below  -  60  dB. 
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Fig.  17.9 
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For  frequencies  homJCi  to/(1  live  following  relationships  hold  good 
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a. 


and   fci  ~ 


i 

2nC,  Rt 


•■  ^        and  fr~i  —  ■ 


1*; 


Fur  frequencies  from  /,  lo  f^,  the  relationships  are  as  under  : 

in  practices,  several  low-pass  RC  filter  circuits  cascaded  with  several  high-pass  RC  filler 
circuits  which  provide  almost  vertical  roll-off 5  and  rises.  Moreover,  unlike  RL  filters,  RC  filters 
can  be  produced  in  the  form      large-scale  inicgniU-d  circuits..  Hence,  cascading  is  rarely  done 
with  RL  circuits. 
17  14.  I  Jit     .1  ill!  1  n  ijiit  ni  K  s 

The  output  of  an  o.c  filter  is  said  lo  be  down  3  dB  or  -3  dB  at  the  cutoff  frequencies. 
Actually  at  this  frequency,  the  output  voltage  of  the  circuit  is  70.7%  of  the  maximum  input  voltage 
as  shown  in  Fig.  17.1(1  (ai  for  low- pus-.  11  Iter  and  in  Fjg  17.H.I  \bi  and  tcj  for  high-pass  and 
bandpass  filters  respectively  Here,  maximum  voltage  is  taken  as  the  fl  dB  reference. 


1 1  can  ;uso  he  shown  thai  ihc  power  output  ai  the  cutofl  frequency  is  50%  of  thai  at  zero 
frequency  in  the  case  of  low-pass  and  high-pass  filters  and  of  that  at f  in  case  of  rcsonanl -circuit 
iiltci 

17.15,  Roll-off  of  the  Response  Curve 

Gradual  decreasing  of  the  nutpm  of  an  a_c.  filler  is  called  roll-off.  The  doited  curve  in  Fig 
17. 1 1  (a)  shown  an  actual  response  curve  of  a  low-pass  RC  filter  The  maximum  output  is  defined 
to  be  zero  dR  us  a  reference  In  other  words.  0  tIB  corresponds  to  the  condition  wlien  V  =  v 
because  21)  logifi  VJV  =  20  Iob  I  =  dB-  As  seen,  the  ouipui  drops  from/)  dB  to  -  3  dB  al  Ihc 
cutoff  frequent^  and  then  continues  to  decrease  at  a  fixed  rate.  This  pattern  of  decrease  is  known 
as  the  roll-ofi  of  the  frequency  response.  The  solid  straight  line  in  Fig.  17,1 1  (a)  represents  an 
ideal  lujipm  [(.-spouse  thai  is  considered  to  be  "flat'  and  which  cuts  the  frequency  axis  at/. 

The  mll-off  for  a  basic  IRC  or  1RL  filter  is  20  dBAJecadc  or  6  JB>uclave.  Fig.  17.11  \b) 
shows  ihe  frequency  response  plot  on  a  scml-log- scale  where  each  interval  on  the  horizontal  anis 
represents  a  lenfold  increase  in  frequency  This  response  -:ur\  e  is  known  as  Bode  plot.  Fig.  17. 1 1  (el 
shown  the  Bode  plot  for  a  high-pass  RC  filter  on  a  semi-Jog  graph.  The  approximate  actual  re- 
sponse curve  is  shown  by  the  dotted  line.  Here,  the  frequency  is  on  the  logarithmic  scale  and  the 
filter  output  in  decibel  is  alongwilh  the  linear  vertical  scale.  The  filler  ouiput  is  Hal  beyond/  Hut 
as  the  frequency  is  reduced  below  /  the  output  drops  at  ihc  rate  of  -  20  dfl/decade. 


Fiber  Network  * 


m 


HR.  17.11 

17.16.  Haitdstup  and  Bandpass  It  i  sonant  Filler  Cirvuilii 

Frequency  resonant  circuits  arc  used  in  electronic  system  to  make  cither  hutuistop  or  bandpass 
filters  because  oi  their  characteristic  Q-nsc  to  either  current  or  vnliage  at  the  resonanl  frequency. 
Both  series  and  parallel  resonant  circuits  are  used  for  the  purpose.  It  has  already  been  discussed  in 
Chap.  No.  7  that 

III  a  series  resonant  circuit  offers  minimum  impedance  lo  input  signal  and  provides  maxi- 
mum current.  Minimum  impedance  equals  R  because  XL  -  Xc  and  maximum  current  i  -  V/R. 

((F)  B  parallel  circuit  offers  maximum  impedance  to  the  input  signal  and  provides  minimum 
current.  Maximum  impedance  offered  is  -  UCR  and  minimum  current  /  ■  VI(UCR). 

17.17,  Series-und  Parallel -Resonant  Banifsinp  lifter*; 

The  scrips  resonant  band  slop  filter  is  shown  in  Fig-  17,12  {a)  where  the  output  is  token 
across  the  series  resonant  circuit  Hence,  at  resonant:  frequency  / ,  the  output  circuit  'sees1  a  very 
ww  resistance  R  i«\er  winch  negligible  output  voltaic  \'.t  is  developed  I1i.il  \-  w  in  there  iv  a  shape 
resonant  dip  m  the  response  curve  of  Fig.  17.12  (/>)-  Such  fillers  are  commonly  used  to  reject  n 
particular  frequency  such  as  50-cycle  hum  produced  hy  transformers  or  inductors  or  turntable 
ruin  hie  in  recording  equipment. 

For  the  series- resonant  hand-.top  filler  shown  in  Fig.  17-12  la),  the  following  relationships 
hold  good  : 


(a)  (hi  (c) 


■<.:  17.12 

17.  IK.  PurulleFKesomint  Bandstop  Filter 

In  this  niter,  the  parallel-resonant  circuit  is  in  series  with  the  output  resistor  R  as  shown  in 
l  i  e   17  [1  ,\i  resonance,  the  parallel  circuit  offers  extremely  high  impedance  to  f  (and  nearby 
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frequencies)  as  compared  10  R.  Hence  the  output  voltage  VQ  at/0  developed  across  R  is  negligibly 
small  as  cumparcd  lu  that  developed  across  the  parallel-resonant  circuit.  Following  relationships 
hold  good  for  this  Filter  : 


At  any  frequency  /  —  = 


R|  L 
i  \W — -"IflSf1 — i 


where  2 


fH  R0+zp 


c 


Also  Qii^uto  LIRL  mid  B^^annJLCVQu 


Fig.  17.LJ 


It  should  be  noted  thai  die  same  amplitude  phase  response  curves  apply  both  to  the  series 
resonant  and  parallel- resonant  bandslop  filters.  Since  Xc  predominate*  at  tower  frequencies,  phase 
angle  (■)  is  negative  befaw  ff.  above  fn.  Xf  predominates  and  the  phase  current,  leads.  At  cutoff 
frequency  /t,  6  -  -  45"  and  at  other  cutoff  frequency  fr  Q  =  +  45°  as  in  the  case  of  any  resonant 
circuit, 

Example  17.7.  A  series-resonant  baadstop  tiller  consist  of  a  series  resistance  of  2  k  11  across 
which  is  connected  a  series-resonant  circuit  amsisunn  of  a  coil  of  resistance  10  il  and  induc- 
tance J50  mH  and  a  capacitor  oj  capacitance  IHi  pF.  F  if  the  applied  signal  voltage  is  IOZ0*  of 
variable  frequency,  calculate 

fa)  resonant  frequency  f(j ;  Ihi  half-power  bandwidth  Bf  j  :  fi  i  edge  frequencies  ft  andf, ;  fd) 
output  voltage  ol  frequencies  f^  f  and  fv 

Solution.  We  are  given  that  Rf  =  2;  k  fl  R  a  tOfl  ;  L  =  350  mH;  C  =  181  pF. 

(a)  fa  =  \f  2n-JZc  -  I  /  zW3SO>ti0^xl8JxlO"ia  =  20  kHz. 

(b)  Hy  =  tn0  Li  (Sg  +  ftt  i  m  2k  x  20x  I  ti3  x  350  x  1(T 1  /  2010  =  2 1.88 

<<->/,  =/0  -  v2  =  20  ~ 0-4S7  =  m53  kli*:  h =  20  +  0457  =  20*457  ktl* 

At  /, .  Xn  =  litfiL  -  2k  x  I9543X  10s  x  350  x  J0"s  =  4i977Q 

XC{-\i  2k  x  19543x10*  *  1  El  x  I 0" Ia  =  44,993  O 

ft  (*t  -  XJ  =  (+2,977  -  44,993)  =  -  2016  " 

_  v      RL  +j{XL  -  Xc)     _  /10- J20I6 

01      1  (*3 +  *,.)  +  j(XL-Xc)  2010-/2016 


2S47Z-4543 


=  7M1Z-U.TV 


A.C  Filler  \etworkt 


M)4 


At  h  Xu  =  XL2  =  Xu         =  42977  *  20.457/19.453 


=  44.987  n ;  =  Xn  {ffc)  =  44.993  x  19.543/20  457 
=  42.983  Q  :  Of, 


u 


JTJ  J  44.987  -  41983  =  2004  Q 


.  Va  =  10^0° 


10+  y2004      2004  ^89-7° 


2O|O  +  ;20O4  2837^44^* 


-  7.07Z44.8  V 


17.19.  Scries- Resonant  Bandpass  Filter 

As  shown  in  Fig.  17.14  (a),  it  consists  of  a  senes-resonant  circuit  shunted  by  an  output 
resistance  Rtj.  It  would  be  seen  that  ihis  filler  circuit  can  be  produced  by  'swapping'  as  series 
resonant  bandstop  filter.  At / ,  the  series  resonant  tmpedLuicc  i_s  very  small  and  equal  &  which  it 
negligible  as  compared  to  R .  Hence,  output  voltage  is  maximum  at/  and  falls  to  70.7%  at  cutoff 
frequency  f:  and  /  and  shown  in  the  response  curve  of  Fig,  17.14  (b).  The  phase  angle  is  positive 
for  frequencies  above  fa  and  negative  for  frequencies  below  fQ  us  shown  in  Fig  17.14  (c)  by  the 
solid  curve. 


a  'VW — "W- 


-o  \»,  


Fig,  17.14 

Following  relationships  hold  good  for  this  filler  circuit. 


,  v0 
At    h'  TT 


Vi  at,***) 


:  On  -  _  V    and  B>,  - 


(Jft  +  Ri,  J 


17.2(1.  Parallel- Knonunt  llandpass  Killer 

It  can  be  obtained  by  transposing  the  circuit  elements  of  a  bandstop  a  parallel-resonant  finer. 
As  shown  in  Fig.  17.15,  the  output  is  taken  across  the  two-branch  parallel-resonant  circuit.  Since 
ihis  circuit  oilers  itiiiAimuin  impedance  :u  resonance  ihi*.  filler  produces  maximum  ourpul 
voltage  v*n  at  / .  The  amplitude-response  curve  of 
this  filter  is  similar  to  that  of  tbc  scries- resonant 
bandpass  filter  divussed  above  |Fig.  17.14  (b)].  The 
dotted  curve  in  Fig.  17.14  (r)  represents  the  phase 
relationship  between  the  inpul  and  output  voltages, 
of  this  filler.  The  following  rclalionstups  apply  to 
this  filter  ; 


o  WV- 


Al  /o-TT" 


and  Qo  ~ ' 


tfjb+Z*) 


where  Z>m  =  R^ 


If  Hi 


and  - 


l/ZttJTc 


Hg.  17.15 


At  any  frequency  /.  -7  = 


where  Z„ 


Zt{-JXc) 
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OBJECTIVE 

I    The  decibel  i>  u  ntca»ure  o( 
i, it  power  l»  voltage 

re)  current  ((ft  power  level 

j.  When  the  output  voltage  level  of  n  filler  de- 
creases by  -  3  dB,  'an  absolute  value  change* 
by  a  factor  of 

to)  41  IW  Itfi 

[ci  2  Id)  1/2 

J.  The  frequency  corresponding  <o  half-power 
point  on  the  response  curve  of  a  fitter  ii 
known  us  — 

Ed)  cutoff  ih)  upper 

ict  tower  <</)  roH-off 

4.  In  »  low-pas*  filter,  (he  cutoff  frequency  n 
represented  by  the  point  where  the  output 
viill.ux  is  reduced  in  -  per  ceni  of  lite  input 

in)  50  tfc)  70,7 

ic)  o3.2  (d)  33J 

5  In  an  RL  low -pass  filler,  an  attenuation  of 
-  12  dB/nctave  correspond*  to  ., — ..  SBl 

i,  I  u  ■.  J  i  Ll- 

(a)-6  C*»>  -  32 

(0-20  <rf) -40 

<>.  A  network  which  attenuate  a  single  bund  of 
frequencies  and  allows  those  on  cither  side  to 

pass  through  is  called   filter. 

Ut)  low-pass  (Jb>  high-pass 

{c)  bandstop  <</)  hnndpass 

7.  In  a  simple  hlgh-pusa  RC  filler,  it  [he  v;iiue  o1 
capacitance  is  doubled,  the  ctitolT  frequency  is 
(dj  ocutilcd  W>)  halved 

(c)  tripled  (di  quadrupled 

a.  In  a  simple  high-pass  RL  filler  circuit,  the 
phase  difference  between  the.  output  and  in- 
put voltages  at  the  cutoff  frequency  in  .—  de- 
grees. 

(tf)  -  *>  0)49 
Irl  -  45  (rf|  SJf) 


TEST  -  17 

V.   In  a  simple  low-pass  RC  filter,  attenuation  is 
-  i  dB  at/.  At  2/,  attenuation  is  -  6  dB  At 
10  /..  the  auenimiion  would  be  ....  dB. 
(a)  -  30  lb)  -  20 

{ci-Vi  <d>-l2 
|(K  An  a.c  signal  of  constant  voltage  10  V  and 
variable  frequency  is"  applied  to  a  simple  (ligh- 
ts Rf"  liliLrr  The  output  voltage  it  ten  times 

the  culoff  frequency  would  be   .  volt. 

(u)  1  lb)  5 

M  10/  <*  10^2 

1 1 .  When  two  simple  low-pass  fillet*  having  same 
values  of  K  and  C  ore  cascaded,  the  com- 
bined filter  wilt  have  a  rolJ-orT  of  - —  dB/ 
decade. 

(<t)  -  20  (6)  -  12 

(O-40  trf)-  36 

12.  An  ax.  signal  of  constant  voltage  but  with 
frequency  varying  from  de  to  25  kHz  is  ap- 
plied to  a  high-puss  filler.  Which  of  the  fol- 
lowing frequency  will  develop  the  ureulesi 
voltage  at  ihe  ouipui  load  rcsisL-mee  7 

ta)  d.  <£>)  15  kHz 

(c)  10  kHz  ul)  25  kHz 

I }.  A  voltage  signal  source  of  constant  ampli- 
tude with  frequency'  varying  from  rte  lo  25 
kHz  is  applied  to  a  low -pass  filter.  Which 
frequency  will  develop  greatest  voltage  ncrott 
ihe  output  load  resistance"' 
W)  di,  lb'  in  kl  li- 

fe) IS  kl  Id)  25  kHz 

14.  The  nutpul  of  a  filter  drops  from  IU  to  5  V  as 
Ac  frequency  is  increased  from  I  to  2  kHz. 
The  dB  change  in  the  output  voltage  is 
(n)  -  3  dBAJeoule  tfri  -  ft  dB/octave 
le>  6  dB/octave       Id)  -  3  dB/octave 
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18  CIRCLE  DIAGRAMS 


18. 1.  Circle  Diagram  of  a  Series  Circuit 

Circle  diagrams  are  helpful  in  analysing  the  operating  characteristic  oi  circuits,  which,  un- 
der some  conditions,  are  used  in  representing  transmission  lines  and  a.c.  machinery  (tike  induction 
uiiHnr  cio 

Consider  a  circuit  having  a  constant  reactance  hul  variable  resistance  varying  Imm  zero  to 
infinity  and  supplied  with  a  voltage  of  constant  magnuude  and  frequency  (Fig.  18,1). 


R  Varies  Zero  to  Infinity 

(ai 


if  a 


I),  then  ;  =  V/XL  or  V/X.. 


11^  18.2 

l  and  litis  nwximiun  value  .  It  will  lag  or  lead  die  voltage  by 
VO"  depending  on  whether  the  reactance  is  inductive  or  eapacihve.  In  Fig.  18.2.  angle  0  repre- 
sents the  phase  angle.  If  R  is  now  increased  from  its  zero  value,  then  /  and  9  will  both  decrease. 
In  the  limiting  case,  when  R  =  °°  .  then  /  =  0  and  9  -  0'.  It  is  found  chat  the  locus  of  end  point  of 
current  vector  OA  or  OB  represents  a  semi-circuit  with  diameter  equal  lo  V/X  as  shown  in  Tig. 
I  H.2  k  can  he  proved  thus  : 

/  =  VIZ  and  sin  8  =  XIZ  or  Z  =  X/sin  &  .-.  /  »  V  un  8 1  X 

For  constant  value  of  V  and  A',  the  above  is  the  polar  equation  of  a  circle  of  diameter  V/X. 
This  equation  is  plotted  in  Fig.  18.2.  Here,  OV  is  taken  as  reference  vector.  Il  is  also  seen  thai  for 
inductive  circuit,  the  current  semi -circle  is  on  the  right-hand  side  of  reference  vector  OV  so  thai 
current  vector  OA  lags  by  6s  .  The  current  semi-circle  for  R-C  circuit  is  drawn  on  the  left  hand 
side  of  OV  so  that  current  vector  OR  lends  OV  by  0*  .  It  is  obvious  that  AM  -  I  cos  0 ,  hence  AM 
represents,  on  a  suitable  scale,  the  power  consumed  by  the  R-L  circuit.  Similarly.  BN  represents 
the  power  consumed  by  the  R-C  circuit. 
18.2.  Rigorous  MatlKiiwlka!  Treatment 

We  will  again  consider  both  R-L  and  R-C  circuits.  The  voltage  Drops  aerus.s  ft  and  A,  >:.» 
V  )  will  be  90°  out  of  phase  with  each  other.  Hence,  for  any  given  value  of  resistance,  the  vector 
diagram  for  the  two  voltage  drops  (i.e.  IR  and  IX)  is  a  rightangied  triangle  having  applied  voltage 
as  the  hypotenuse 
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For  a  constant  applied  voltage  and  reac- 
tance, the  vector  diagrams  for  different  values  of 
R  arc  represented  by  a  series  of  right-angled  tri- 
angles having  common  hypotenuse  as  shown  in 
Fig.  18.3.  The  locus  of  the  apex  of  the  right-angled 
voltage  triangles  is  a  semicircle  described  on  the 
hypotenuse.  The  voltage  semi-circle  for  R-L  cir- 
cuit circuit  (QAV)  is  on  the  right  and  for  R-C  cir- 
cuit {OBV)  on  the  left  of  the  reference  vector  OV 
as  shown  in  Fig.  1K.J. 

The  foci  of  end  points  of  current  vectors 
are  also  semi -circles  as  shown  hut  their  centres 
lie  on  the  opposite  sides  of  and  in  an  a*is  per- 
pendicular to  the  reference  vector  OV. 

ini  R-L  Circuit  [Fig.  18.1  (a)\ 

The  co-ordinates  of  point  A  with  respect  to 
the  origin  O  are 


V  R  R 

v  =  /cos8  =  =V  —  =  V-  , 

Z  Z       z1       R'  +  Xl 

Squaring  and  adding,  we  get 

s2 


x  -  I  sin  8  ■ 


z  z 


R2  +  Xj 


...  <i) 


From  (/)  above. 


VR 


R*+x£ 


vx, 


IR-+XL 


VX 


t  =  R*+xl 


_V;{R;+X^)_ 


jc  +  y 


R:+X? 


VX, Ix 


xV 


1       2      XV  0 

x+y  =—    or  jr* 


2X, 


AXi 


This  is  the  equation  of  a  circle,  I  he  co-ordinates  of  the  centre  of  which  arc  y  =  0.  jf  =  W2  XL 
and  whose  radius  is  VF2XL. 

R-C  Cireuil.  In  this  case  it  can  be  similarly  proved  that  ihc  locus  of  the  end  poini  of 
current  vector  is  a  semi-circle.  The  equation  of  this  circle  is 


4X2C 


\  2o 

The  centre  has  co-ordinates  of  v  =  0,  x  -  -  VHX^ 
18-J.  Constant  Ki-.i-t.nnf  (ini  Vuriahti-  Reactance  ' 

Fig.  1 8.4  shows  two  circuits  having  constant  resistance  but  variable  reactance-  XL  or  Xc  which 
vary  from  zero  to  infinity,  When  XL  =  0.  current  is  maximum  and  equals  V/R.  For  othet 


R 


CirrU  Diagram* 


values,  /=rV7  ^Rz  +  Xl .  Current  becomes  zero  when  XL  -  <».  As  seen  from  Fig.  1 8.5,  me  en. 
potni  of  the  current  vector  describes  a  semi-circle  with  radius  OC  a  V/2/R  and  centre  lying  in  th> 
reference  vector  i.e.  voltage  vector  OV.  For  R-C  cireuii.  the  serai-circle  lies  to  the  left  of  0\ 
As  before,  it  may  be  proved  that  Hie  equation  of  die  circle  shown  in  Fig.  IK. 5  is 


4R 


The  co-ordinates  of  the  centre  are  x  =  0.  y  +  VI2R  and  radius  a  r/2/f. 

As  before,  power  developed  would  be  maximum  when  current  vector  makes  an  angle  of  45 

with  the  voltage  vector  OV.  In  that  case,  current  is  /„  /  w§  and  Pm  ~  VI  m  i  Z 

18.4.  Properties  or  Constant  Reaftamc  Bu<  Y'uriabk  Rt-sLstunrr  C  ircuit 

From  the  circle  diagram  of  Fig.  183.  it  is  seen  that  circuits  having  a  constant  reactance  but 
variable  resistance  or  vice-versa  have  the  following  properties  : 
(j)  the  current  has  limiting  value 

1/ j  J  the  power  supplied  to  the  circuit  has  a  limiting  value  also 

(iiii  the  power  factor  corresponding  lo  maximum  power  supply  is  (1707  (=  cos  45") 

Obviously,  the  maximum  current  in  die  circuit  is  obtained  when  R  =  0. 

Im  =  V  /  XL  m  V/mL  ...  for  R-L  circuit 

- -V I  Xc  =  -o>VC  „  for  R  C  circuit 

Now,  power  P  taken  by  the  circuit  is  VI  cos  0  and 
if  V  is  constant,  then  />W  cos  9.  Hence,  the  ordinales  of 
current  semi-circles  are  proportional  to  /  cos  9 .  The  maxi- 
mum ordinate  possible  in  the  semi-circle  represents  the 
maximum  power  taken  by  the  circuit.  The  maximum  ordi- 
nate passes  through  the  centre  of  semi-circle  so  that  cur- 
rent vector  makes  an  angle  of  45"  with  both  the  diameter 
and  the  voltage  vector  OV.  Obviously,  power  factor  corre- 
sponding to  maximum  power  intake  is  cos  45'  =  0.707. 

Maximum  power, 

Pm  =  V*AB  =  Vx-? 


Now,  for  R-L  circuit,  /  =  VfX, 

iff  L 

P  -  ^  -  V' 
"    2Xt  JmL 


2~ 


For  R-C  circuit  fc  = 


2XC 


V-taC 


As  said  above,  a(  maximum  power.  6  =  45c.  hence  vector  mangle  for  voltages  is  an  isosce- 
les triangle  which  means  that  voltage  drops  across  resistance  and  reactance  are  each  equal  to  O.fi  n 
of  supply  voltage  i.e   V I  Jl.  As  current  is  the  same,  for  maximum  power,  resistance  equals  rcai 
lance  Le.  R=  XL(ar  X^. 

Hence,  the  expression  representing  maximum  power  may  be  written  as  Pm  =  V"V2ft. 
18.5.  Simpk'  Transmission  l.kne  (  irinit 

In  Fig.  18.7  lui  is  shown  a  simple  transmission  circuit  having  negligible  capacitance  and 
reactance.  R  and  .V  represcn!  respectively  the  resistance  and  reactance  of  the  line  and  ft.  iquv- 
sents  load  resistance. 
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If  R  and  Xf  are  constant,  then  as  R{  is  varied,  (be  current  AM  follows  the  equation  I  =  (V/X) 
sin  B  (Art.  J 8-1),  The  height  AM  in  Rg.  187  (A)  represents  the  power  consumed  by  the  circuit 
bill,  in  the  present  case,  this  power  is  consumed  both  in  R  and  Rr  The  power  absorbed  by  each 
resistance  can  be  represented  on  the  circle  diagram 

In  Fig.  18.7  tb),  OB  represents  the  line  current  when  RL  -  0.  The  current  OB  = 

Vl^R'+Xj)*2  +  X*)  and  power  factor  is  cos  9,.  The  ordinate  UN  then  represents  on  a 
different  scale  the  power  dissipated  in  R  only.  OA  represents  current  when  R&  has  some  finite  value 

if-  OA  -  V  f  ^{R+RLy1  +Xl .  The  ordinate  AM  represents  total  power  dissipated,  out  of  which 
ME  is  consumed  in  R  and  AE  in  R 

IV 


(a)  m 

FIr.  W.7 

In  fact,  if  OA2  x  RL  p  AE)  is  considered,  to  be  the  output  of  die  circuit  {the  power  transmit- 
ted by  the  line),  then 

AE 
^  AM 

With  R  and  Xt  constant,  the  maximum  power  that  can  be  transmitted  by  such  a  circuit  occurs 
when  die  extremity  of  current  vector  OA  coincides  with  the  point  of  langency  to  the  circle  of  a 
straight  line  drawn  parallel  lo  OB.  Obviously,  V  times  AE  under  these  conditions  represents  the 

maximum  power  and  the  power  factor  at  that  time  is  cos  6j. 

Kxuniplc  18.1.  A  circuit  consists  of a  reactance  of  5  tl  in  series  Willi  ti  uiriable  resistance. 
A  constant  voltage  of  I0(J  V  is  applied  to  tit?  tin  tut  Show  that  rite  iiiimii  locus  n  niritlnti 
Dewnmnr  ni\  iht  muwmum  {•••tu-r  mput  to  the  t-trruit  (hi  the  camspmulinx  current,  pj.  and 
value  of  the  resistance.  iLlcctrkal  Science  II,  AILuhalmd  I  nit.  I 2  ■ 

Solution.  For  the  first  part,  please  refer  to  An  18.1 

(a)  /  =  V/X  =  100/5  =  2JOA;P=!:VJ=\xlWx20=  I  ODD  H 
{b\  At  maximum  power  input,  current  is  —  OA  (Fig.  18.6) 

.-.  OA  =  tm,j2=2(i/j2  ~  14.14  A  ;  p./  =  cos  45°  =  0,7f>7  ;  R  =  X  =  5  U 

Kvample  1S.2.  It coil  o\  unknown  resistant*  and  rearbtm*  is  connected  tit  irna  n  'tth  a 
100-V  50-HZ  suppl\.  lite  current  locus  diagram  is  found  to  have  a  diameter  of  5  A  and  when  die 

value  of  series  resistor  w  l$Li.  the  power  dissipated  is  maximum.  Calculate  the  reacumce  and 
resistance  of  the  coil  ami  ilu  mine  of  the  maumum  power  in  the  circuit  and  the  maximum  current. 
Solution.  Let  the  unknown  resistance  and  reactance  of  die  coil  be  R  and  X  respectively 

Diameter  =  V/X     *,    5  =  100/X  or  X  =  20  fi 
Power  is  maximum  when  total  resistance  =  reactance 

or  15  +  R  =  20  R  =  5  Q 

Maximum  power  P^  =  \*f2X  =  \Wrf2  x  20  =  25(1  \V 

Maximum  current  lm  -  100/  <J(701  +  52)  =  4.85  A 

Euniplc  18  J.  A  constant  alternaiinii  sinusoidal  soilage  at  constant  frequency  is  applied  ulv™ 
a  cin  uitt  unstsitn\  ''fun  inductance  and  u  vuriahle  resistance  in  icries.  Show  that  the  locus  diagram  of 
the  current  vector  is  a  \emi-cin  Ic  when  the  resistance  is  mried between  zrm  and  infinity. 
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If  the  inductance  lias  a  value  of  0,6  henry  and  the  applied  voitagt  is  100  Vat  25  Hz.  talcultite  lai 
r/rr  radius  nj  rite  an-  tin  amperes!  ami  i  In  flic  value  of  variable  resistance  Jar  which  the  power  taken 
fntm  the  mains  ts  minimum  and  lite  power  factor  of  the  ctmut  at  the  value  at  this  resistance. 

Solution.  XL  =  Ktf.  =  0.6  X2itx  25=  94.26 £i 

(<»  Radius  =V!2XL=  100/2  x  4.26  =  0.531  A 

Example  18. 4.  A  resistor  oj  10  Li  h  connected  in  series  with  an  inductive  reactor  which  it 
v-aritihle  between  2  SI  and  20SI .  Obtain  the  locus  of  the  current  vectar  when  the  circuit  is  con- 
nected to  a  250  V  \upph.  Determine  the  value  of  the  current  ami  the  power  jai  lor  when  the 
reactance  is  (i)  5  ii  (it)  JO  SI  (til)  IS  Si ,  (Basic  Electricity,  Bombay  Univ.  1987 1 

Solution.  As  discussed  in  Art,  18  J,  the  end  fxnnl  of  current  vector 
describes  a  scim-circle  whose  diameter  (Fig.  18.8)  equals  V/R  =  250/10  =, 
25  A  and  whose  centre  lies  to  right  side  of  the  vertical  voltage  vector  OV. 


10^  +  2'  =24A;G  =  uuTL  t2/l0)=tm 


=  250/>/ltf +20*  =  11.2  A;  9  =  tan' 
-i 


(0  &j  «  tan'1  15/10)  =  26.7" ,  pi.  =  cos  26,7°  to  0.89 

/  =  OA  =  22.4  A 
07)  82  =  tan"'  (10/10)  =  45".  p.f,  =  cos  45"  =  J; 

/  =  OB  m  17.7  A 
(hi)  6,  =  tan"1  (15/10)  =  56.3:  p.f.  =  cos  56.3"  =  0.55: 
f=OC  =  13.9  A, 

Example  18 £.  A  voltage  of  J 00  sin  10.000  t  is  applied  to  a  circuit  consisting  of  a  I  \U- 
capacitor  in  series  with  a  resistance  R.  Determine  the  locus  of  the  tip  of  the  current  phasor  when 
H  Is  vuried  from  0  to  «.  Take  ifie  applied  voltage  as  the  reference  pha.wr. 

[Network  Theory  and  Design.  AMIETE  1 99th 

Solutlfiii.  As  seen  from  Art.  tS.2  the  locus  of  the  tip  of  the  current  phasor  is  a  circle  whose 
equation  is 

t       „  £ 

..2 


y-+  *  + 


c  ) 


4XC 


We  are  given  thai  V  =  Vmf  <Jl  =  \Q01  Jl  -  77,7  V 

u)  =10,000  rad/s  X€  =  l/«xC  =  1/  lO.OOOx  |x  10^  =  100  Q  C. 
( VI2  Xcf  =  (77.7/2  x  I00)2  =  0.151.    *      y2  +  (*  +  Q.389)2  =  0. 15 1 
J'Aamplr  18.6.  Prove  that  polar  locua  of  current  drawn  by  a  circuit  of  constant  resistant  e  and 
variable  e.apaeitive  reactance  is  circular  when  the  iitppiv  voltage  and  frequency  are  constant 

If  the  constant  resistance  is  It)  Si  and  the  voltage  it  100  V  draw  the  current  locus  and Jind  the 
values  of  the  current  and  p.f  when  the  reactance  i\  (if  5.77  Si  (ii)  10  Si  and  (Hi)  17. M  Si  Erplam 
when  the  power  will  he  maximum  and  find  it-,  value    i  F.lcctmmtdianics,  Aiiahuhad  L'ni\.  I'WZi 
Suluticm.  For  the  first  part,  please  refer  lo  Art.  183.  The  current  semicircle  will  be  drawn  on 
the  vertical  axis  with  a  radius  OM  =  V/2R  =  100/2  x  10  =  5  A  as  shown  in  Fig.  18.9  ib) 

(0  B,  -  tan  1  (5.77/10)  -  30"  :  cos  8,=  (1.866 
(lead)  ;  current  -  OA  -  H.66  /V 

(ii)  &2  =  tan-1  (10/10)  =  45°  ;  cos  fl;  =  0J07 
i  lead  i  current  -  OS  -  7. KYI  A 

{tit}  Bj  -  tan"1  (17.32/10)  =■  W  ;  cos  0,  = 
dead  j  current  =  OC  =  5  A 

Power  would  be  maximum  for  pnmi  B  when 
8  =  45":  /  =  V/R  =  100/10  =  10  A 


P  J\  x  OB  x  cos  45°  =  V  x  l  cos  45° 


x  cos 


45* 


y  VI  = 


«  100  y  10  =  500  W 


FiB  18.9 


bid 
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Knaniple  18,7.  Pntve  that  the  ptdar  locus  of  the  current  drawn  iry  a  circuit  tif  constant 
reactance  and  variable  resistance  is  circular  when  the  supply  vulture  and  frequency  are 
constant 

tf  the  reactance  of  such  a  cirruil  is  25  ft  and  the  voltage  '150.  draw  the  uitd  loeux  and 
locate  there  an  the  point  of  maximum  ptnver  and  for  this  condition,  fttul  the  ftttwet,  current,  power 
factor  a/id  rrsixlance. 

Ijocatt  also  the  poott  at  which  the  power  factor  is  0.225  and  for  this  condition,  find  the 
current,  power  atui  resistance.  [Basic  EiJectricilv,  Bnmbay  llnh.  I **K5 1 

S<iiuLimi,  Far  the  first  part,  please  refer  10  Art,  1 83. 

Radius  (if  the  current  scmi-circlc  is  -  V12X  =  25W2  x  25  s  5  A.  As  discussed  in  Art.  18,3. 
point  A  I  Fig.  18.10  {a)\  corresponds  to  maximum  power. 

Now,   /,„  =  Vf  X  ~  250 /  25  =  10  A;  Pm  =  {  VIm  =  |  x  250x  10  =  1250  W 

Current  OA=IjJ2  =  10/^2  =  7.07  A  ;  pj,  =  cos  45°  =  0.707  " 

Under  condition  of  maximum  power,  R  =  X  =  25  ft . 

Now,  coa  0  =  0.225  ; 

9  =  cos"1  (0.225)  «  77" 

In  Fig.  18.10  (b),  current  vector  OA 
has  been  drawn  at  an  angle  of  77"  with  Si 
the  vertical  voltage  vector  QV.  ~z 

By  measurement,  current  OA  -- 
9.74  A 

Bv  calculate.  OA,  =  /  cos  13a  = 
10  x  0.974  =  9.74  A 

Power  m  VI  cos  8  -  250  x  9.74  » 
0.225  =  54H  V, 

p  «  I1  R,  R  a  Pll1  =  548/9.741  =  5.775  ft 

txumplc  18.8.  A  non-inductive  rcxiMtmcc  R.  ntnohli'  between  0  and  10  SZ.  r.v  connected  in 
w'rre.i  with  tt  coil  of  nttstatu  <•  *  ft  cwd  reactance  -1  LI  and  the  circuit  supplied  from  a  14H-V  ax 
Kupph  R\  mearn  of  a  incut  diagram  determine  tlic  current  supplied  to  tlie  tin-nil  when  R  is  fal 
7erv  t'bl  5  ft  and  tel  10  ft.  By  means  of  the  symbolic  metiwd,  calculate  the  value  of  the  current 
when  R  5  Q.. 

Solution.  The  locus  of  the  current  vector  is  a  semi-circle  whose  centre  is  (0.  VflX)  and 
whose  radius  is  obviously  cqurd  to  V12X.  Now,  V/2  X  =  240/2  *  4  =  30  A. 
Hence,  the  semi-circle  is  drawn  as  shown  in  Fig.  18.1 1  (fc). 


H«.  18.lt> 


an  Total  resistance  3  ft,  and  X  =s  4  ft 


tan  0,  =  4/2 


e,  -  5.1 °  s' 


Hence,  current  vector  OA  is  drawn  making  an  angle  of  53°8'  with  vector  QV,  Vector  OA 
measures  49  A. 

tb)  Total  resistance  °  3  +  5  =  8  ft. 

Reactance  =  4  ft;  tan  02  =  4/8  =  0.5   .*.    62  =  26°34' 

Current  vector  OR  is  drawn  at  an  angle  uf  26cr34'  with  OV.  It  measure  27  A  lapprnx.i 


i-AMW — WW — TO— 


D-fCKl 


 340  V  

(r)  Total  resistance  m  3  *  10  =  13  11. 
Reactance  =  4  ft;  tun  93  =4/13 


Hp.  18.il 


17*6' 
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Current  vector  OC  is  drawn  at  an  angle  of  1 7°6'  with  vector  OA.  It  measures  17V 
Symbolic  Method 

( 5  +  3)  +  ,/4    8 + /4  8.96Z26-50 
Nuif.  Ilierc  is  difference  in  the  magnitudes  ot  the  jniTcni-,  .ind  the  angles  us  found  by  the 
two  different  methods.  It  is  so  because  one  has  been  found  exactly  by  mathematical  calculations, 
whcFLMs  the  other  has.  been  intMsuied  from  Ute  graph. 

Kxampte  18.9.  A  circuit  consisting  of  a  50-  Q  resistor  in  series  wrth  a  variublc  read  or  is 
stunned  by  a  UK  J-  ii  nrnisuir.  Draw  the  incus  <>}  the  extrrmttty  of  the  total  current  vector  to  fade 
and  determine  the  reactance  and  current  corresponding  to  the  minirmun  overall  pmver  factor,  the 
mpfHy  itdtagt  being  100  V. 

Solution.  The  parallel  circuit  is  shown  in  Fig  18.12  hi). 

T 

— 


The  resistive  branch  d/uws  a  fixed  cur- 
rent /,  100/iOQ  =  1  A.  T  he  current  drawn 
by  the  reactive  branch  is  maximum  when 
.Yf  -  0  and  its  maximum  value  is  =  100/50  - 
2  A  and  is  in  phase  with  voltage. 

In  the  locus  diagram  of  Fig.  I  B.I  2  lb),  itkj  v 
the  diameter  OA  ul  die  reactive  current  semi- 
circle is  =  2  A.  OB  Is  the  value  of  /  for  some 

finite  value  of  X,.  O'O  represents  L,  Being 
in  phase  with  voltage,  it  is  drawn  fn  phase 
with  voltage  vector  OV.  Obviously,  q'/j  rep- 
resents total  circuit  current,  being  the  vector 
sum  uf  /.  and  /.. 
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The  minimum  power  factor  which  corresponds  to  maximum  phase  difference  between  O'B 
and  O'V  occurs  when  O'B  is  tangential  In  the  semi-circle  fn  that  case.  O'B  is  perpendicular  in 
BC.  ft  means  that  Q'BC  's  ■>  ngto-angled  triangle. 

Now,  sin  $  =  BCIO'C^  U|1  +  I)  =  0_S:  <t>  =  30° 

*.  Minimum  pf.  m  cos  30*  =  0.866  (lag) 

Current  corresponding  to  minimum  p./.  is  O'B-O'C  COS  $  =  2  x  0.866  =  1.732  V 
Now.  A  OBC  is  an  equilateral  triangle,  hence  /  =  OB  m  I  A.  Considering  reactive  branch,  Z 
m  100/1  =  100  H,  X,  =  Vl002  -502  =  88.6  £1 

Example  18.10.  A  coif  of  resistance  GOil  and  inductance  0.4  II  is  connected  in  series  w  ith 
a  capacitor  of  17.6  pF  across  a  varutbiv  frequency  source  w  hich  is  maintained  <ti  a  fixed  potential 
of  120  V  If  tin?  frequency  is  varied  through  a  range  of  40Hz  io  HOHz.  draw  the  compli  ic  ■  urn  m 
locus  and  calculate  the  following  • 

u  \  the  resonance  frequency,  iU)  the  current  and  power  factor  at  40  H7.  and 

tiilt  the  current  and  power  factor  at  HO  Hz.      lEIeet.  Circuits,  South  Gujurm  1  niv.  K»S4» 

Solution.  (0  f0  =  10'/ 211^0.4x1 7.6  =  60  H*. 
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(i7j/=  40  Hz 

X,  =  2*x40x0.4  =  100Q;  Xc  =  10* x40x 1 7.6  =  226 Ci 

X=  100-  226  =  -  126  £1  (capacttivcj;    /  =  J20/1/&0: +  (-l26)2  =  OJW>A 

p.f.  m  cos  o  =  fc-Z  =  607139.5  =  0.43  Head) 
l/Vo/s  80  Hi 

Xt  =  100  x  2  =  200     :  Xc=  22672  a  113  £1  ;  Jt  =  200    1 13  =  87  Q  (indueiivei 

Z  =  JfT  +  X1  - -jW  +  871  =  105JQ 
/  =  120/105.3  =  1-14  A  ;  p.f.  cos  0  =  60/105 J  =  11.57  tLgRt 
Tutorial  Problems  No.  18,1 

1.  A  ctreui!  having  ji  constant  resistance  of  60  £i  and  a  variable  inductance  of  0  id  0.4  H  is  connected 
across  a  100-V,  50-Hz  supply.  Derive  from  first  principles,  the  locus  of  the  extremity  of  the  current  vector. 
Find  (<j)  the  power  and  (frl  ihe  inductance  of  ibc  circuit  wben  the  power  factor  is  0.3. 

|i.ji  107  W  f vi  0.143  HI  0pp.  Elect  London  Univ.) 

2.  A  constant  reactance  of  10  Q  is  connected  in  series  with  a  variable  resistor  and  the  applied  voltage 
is  I0U  V.  What  is  f  j  >  the  maximum  power  dissipated  and  iff)  at  what  value  of  resistance  does  it  occur  ? 

|<ui  SOU  V,  ui>  II)  11  |  i  Cm  A  Guilds  London) 

X.  A  variable  capacitance  and  a  resistance  of  300  £1  arc  connected  in  series  across  a  240- V:  50- Hi 
supply.  Draw  the  complex  or  locus  of  impedance  and  current  as  the  capacitance  changes  from  5u/  to  30  nl 
Horn  ihe  diagram,  find  mi  i  be  capacitance-  to  give  a  airrcni  of  0,7  A  and      the  current  when  the  capacitance 
fat  10  uF.  I  It  J.  pF.  UJSM  \London  Univ.) 

4.  An  ax.  circuit  consists  of  a  variable  resistor  fn  series  with  a  coil,  for  which  R  =  20  £2  and  L  ■  0.1 
H  Snow  that  when  id  1  Shis  circtui  is  supplied  at  constant  voltage  and  frequency  and  the  resistance  is  vancd 
between  zero  and  infinity.  I  he  locus  diagram  of  the  current  vector  is  a  circular  arc.  Calculate  when  ihe  supplj 
voltage  is  100  V  and  the  frequency  50  Hz  (i)  the  radius  (in  amperes)  of  the  arc  (if)  the  value  of  the  variable 
resistor  in  order  mat  the  power  taken  from  the  mains  tuny  be  a  niaiimum, 

|<r>  1592  A  (iii  11-4  11  |  tUmdtm  Univ.) 
>■  A  circuit  consist!  fo  an  inductive  coil  iL  -  0.2  H,  R  =  20  Q)  in  scries  with  a  variable  resistor 
(0  -  200  £3  ).  Draw  to  scale  the  locus  of  ihe  current  vector  when  the  circuit  is  connected  to  230- V,  50- Hz 
npph  main-,  and  the  resistor  i'  varied  heuvKcn  "  and  !!'Ki  i"2    Determine  l./l  Ihe  value  of  the  resistor  which 
will  give  maximum  power  in  the  cucuit.  i  il)  the  power  when  the  resistor  is  150  Q  . 

1 1 m  4Ui  £1  tOji  275  W|  {Lnrviown  Univ.} 

It.  A  15  fib  capacitor,  an  inductive  coil  <L  -  0.  !35  H.  R  =  50  Q  )  and  a  variable  resistor  are  in  series 
and  connected  to  a  230- V.  50-Hz  supply. 

Draw  to  scale  ihe  vector  locus  of  the  currem  when  ihe  variable.  re-i-.i..i     vuned  Ivhikh  ■  >  ami  r>(Ki  1-t 
Calculate  (A  the  value  of  the  variable  resistor  when  die  power  is  a  maximum  \ils  the  power  under  these 

o.ndiLi..n-.  Ill)  120  li  ut  i  1555  >V|  tLmbiwa  Uah.) 

7-  As  ax.  circuit  supplied  at  HJ0  V.  50-Hj-  consists  of  a  variable  resistor  in  scries  «nh  a  fixed  KM)  |jF 
capacitor 

Show  that  the  extremity  of  the  current  vector  mows  on  a  circle.  Determine  the  maximum  power 
dissipated  in  me  circuit  the  corresponding  power  factor  and  the  value  of  the  resistor.!  157  Vv  ;  0.707  :  I3l.lt 

ft.  A  variable  non-inducdvT  resistor  R  of  maximum  value  10  U  is  placed  in  -.tries  wuh  a  coil  which 

has  a  resistance  of  3  £1  and  reactance  of  4  £1 .  The  arrangement  is  supplied  from  a  240- V  ax.  supply  Show 
thai  ihe  locus  at  Use1  extremity  of  the  current  vector  is  a  semi-circle.  From  me  locus  diagram,  calculate  the 

current  supplied  when  R  ~  5  D .  |2A.7  A  | 

9.  A  20- £1  reacmr  is  connected  m  panUd  with  a  serif*  circuii  consisting  of  a  reactor  of  reactance  10 

&  and  a  variable  resistance  R.  Prow  that  the  extremity  of  the  lutal  curiam  vector  moves  on  a  circle.  If  the 
supply  voltage  u  constant  at  1 00  V  [luls.),  what  is  the  maximum  power  factor  ?  Determine  also  the  value  of 
R  when  the  t>  f  hai  its  maximum  value  1 0-5  :  17 J  tl| 
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POLYPHASE  CIRCUITS 


19.1.  iniu'nitimi  of  Poiyptuise  Voltage 

The  kind  of  alternating  currents  and  voltages  discussed  in  chapter  12  tu  15  arc  known  as 
single-phase  voltage  and  current  because  they  consist  of  a  single  alternating  current  and  voltage 
wave,  A  single-phase  alternator  was  diagrammatically  depicted  in  Fig.  11.1  (fr)  and  it  was  shown 
To  have  one  armature  winding  only  Bui  if  the  number  of  Armature  windings  is  increased,  then  il 
becomes  polyphase  alternator  and  it  produces  as  many  independent  voltage  waves  as  the  number 
of  windings  or  phases.  These  windings  are  displaced  from  one  another  by  equal  angles,  the  values 
of  these  angles  being  determined  by  the  number  of  phases  or  windings.  In  fact,  the  word  'poly 
phase'  means  poly  {i.e.  many  or  numerous  J  and  phases  (i.e.  winding  or  circuit). 

In  a  two-phase  alternator,  the  armature  windings  are  displaced  90  electrical  degrees  apart-  A 
3 -phase  alternator,  as  the  name  shows,  has  three  independent  armature  windings  which  are  12(1 
electrical  degrees  apart.  Hence,  the  voltages  induced  in  the  three  windings  are  120°  apart  in  time- 
phase  With  die  exception  ol  two-phase  windings,  it  can  be  stated  that,  in  general,  the  electrical 
displacement  between  different  phases  is  360/n  where  n  is  the  number  of  phases  or  windings, 

Three-phase  systems  are  the  most  common,  although,  for  certain  special  jabs,  greater  num- 
Ivt  ni  phases  i-  _uv.'  uMid.  For  example,  almost  all  mercury -arc  rectifiers  for  power  purposes  are 
either  six-phase  or  twelve-phase  and  most  of  the  rotary  converters  in  use  are  six-phase.  All  modem 
generators  are  practically  three-phase.  For  transmitting  large  amnunls  of  power,  three  phase  is 
invariably  used.  The  reasons  for  the  immense  popularity  of  three-phase  apparatus  are  thai  (fj  n  is' 
more  efficient  (/f)  it  uses  less  material  for  a  given  capacity  and  tiii)  it  costs  less  than  single-phase 
apparatus  etc. 

In  Fig.  19,1  is  shown  a  two-pole,  stationary' -armature,  rotating- Field  type  three-phase  alter- 
nator. It  has  diree  armature  coils  an',  bb'  and  cc'  displaced  120"  apart  from  one  .mother.  With  the 
position  and  clockwise  rotation  of  the  poles  as  indicated  in  Fig.  19. 1,  ii  is  found  ihai  the  e.m.f. 
induced  in  conductor  'a  for  cuil  aa  is  maximum  and  its  direction  *  is  away  trom  the  reader  !  he 
cjrLf  in  conductor  'b'  of  cod  bb'  would  be  maximum  and  away  from  the  reader  when  the  N-pole 
has  turned  through  120"  i.e.  when  N-S  axis  lies  along  bb'.  Il  is  clear  that  (he  induced  e.m.f.  in 
conductor  'b'  reaches  its  maximum  value  1 20""'  later  ihiui  the  maximum  value  in  conductor  'a'.  In 
live  like  manner,  the  maximum  e.m.f.  induced  (in  die  direction  away  from  the  reader)  in  conductor 
lc'  would  occur  120"  later  than  that  in  *£>"  or  240*  later  than  that  in  'a'. 

Thus  Ihe  three  coils  have  three  e.m.fs,  induced  in  them  which*  are  similar  in  all  respects 
except  that  they  are  120°  out  of  time  phase  with  one  another  as  pictured  in  Fig.  193.  Each  voltage 
wave  is  "aimwt  to  be  sinusoidal  and  having  maximum  value  of  E^. 

In  practice,  the  space  on  the  armature  is  completely  covered  and  there  are  many  slots  per 
phase  per  pole. 


'The  dureeuim  ih  found  with  the  belp  of  Flaming'*  Right-hand  nik.  Bui  while  applying  ihis  rule,  n 
ihrntld  \v  rtHieuitieicd  duir  ihe  lelanve  motion  ot  ihc  conductor  with  respect  to  the  field  it  anticloc twine 
jlthuugh  iKl-  mnium  uf  llie  field  uuh  rii>peel  to  the  conductor  i*  clockwise  as  shown.  Hence,  thumb  -Jiouhl 
point  in  ihc  left 

nlv) 
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Fig.  19.2  illustrates  the  relative  positions  of  the  windings  of  a  3-phase.  4-pole  alternator  and 
;rig.  19.4  shows  the  developed  diagram  of  its  armature  winding!;.  Assuming  f  oil-pitched  winding 
ind  the  direction  of  rotation  as  shown,  phase  V  occupies  the  position  under  the  centres  of  N  and 
■•poles.  ll  starts  at  J  and  ends  or  finishes  at  F. 


Ffe.  19.1  Flu-  19.2 

The  second  phase  'b'  start  at  .?  which  is  12(1  electrical  degrees  apart  from  the  sum  ol  phase 
<r.  progresses  round  the  armature  clockwise  (as  does  'a')  and  finishes  at  F  Similarly,  phase  "c* 
tuns  at  5  .  which  is  120  electrical  degrees  away  from  5fr,  progresses  round  the  armature  and 
imshcs  at  Fr-  As  the  three  circuits  arc  exactly  similar  but  are  120  electrical  degrees  apart,  the 
■-'.m.f.  waves  generated  in  them  (when  the  held  rotate*)  are  displaced  front  each  other  by  120°. 
Assuming  these  waves  to  be  sinusoidal  and  counting  the  lime  from  the  instant  when  die  e.mX  in 
phase  'a  \%  zero,  the  instantaneous  values  of  the  three  c.m.fs.  will  be  given  by  curves  of  Fig.  193. 
Their  equation*  are  : 

e„  =  £„  smur  „  (f) 

=  £„sin<eif-l2<r°)  ...  (if) 

<c  =  £.  sinf  tit  -  240" )  ...  {(0) 

As  shown  in  Art.  1 1.23.  alternating  voltages  may  be  represented  by  revolving  vectors  which 
•  i.vaic  I  hot  maximum  vaiues  tor  r.m.s.  values  if  desired).  The  actual  values  of  these  voltages 
vary  from  peak  positive  to  zero  and  to  peak  negative  values  in  one  revolution  of  the  vectors.  In 
Frg.  19.5  are  shown  the  three  vectors  representing  the  r.m.s.  voltages  of  the  three  phases  E^  Eb  and 
E  (in  the  present  case  £  —  Et  -  E  -  E.  say). 

It  can  be  shown  thai  the  sum  of  the  three  phase  e.m.fs.  is  zero  in  the  following  three  ways  : 
<i)  The  sum  of  the  nbove  three  equations  (0,  {Hi  and  I  m  l  is  zero  as  shown  hekiv. 
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Polyphase  Circuits  Ml 
R^ultdtn  instantaneous  e.m.f.  =  e  +  ek  +  e 

=  £„  sin tor  +  Em  sin(oif  -  1 20°  >  +  Em  (to  -  240 )D 
=  Ej5inow  +  2sin((tlf-180*)cos60<'] 

-  Em  (sin  taf-  2  sin  IK  cos  60]  =0 
fii)  The  sum  of  ordinate s  of  three  e.m.f.  curves  of  Fig.  19 J  is  zero.  For  example,  taking 
ordinales  AB  and  AC  as  positive  and  All  as  negative,  it  can  be  shown  by  actual  measurement  thai 

AB  +  AC  +  I-  AD)  -  0 
Uii)  If  we  add  the  three  vectors  of  Fig.  19  J  either  veclorially  or  by  calculation,  the  result  is 

zero 


Fi"  19.4 

Vector  Addition  , 

As  shown  in  Hg.  19.6.  the  resultant  of  Ed  and  E{  is  Ef  and  its  magnitude  is  IE  cos  60*  -  £ 

where  £  -  E,  -  E  -  E. 

This  resultant  £.  is  equal  and  opposite  to      Hence,  their  rusulLini  is  zero 

Uy  Calculation 

Let  us  take  E  as  reference  voltage  and  assuming  clockwise  phase  sequence 

E.  =  £Z0°- E+ jO 

fit  -  £Z-120°=  Ei-Q5-j0M(>) 

Er  =  £Z-  240°=  £Z120"=  £(--005+ i0.866) 

KB  +  Ei  +  Er  =<£  +  ;0)  +  £l-O^-0J866l+£(-O.05  +  J0.866)  =  0 

r 
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Fig.  IW  tig.  19 A  jBi 

19.2.  Phase  Sequence 

By  phase  sequence  is  meant  the  order  in  which  the  three  phases  aiiain  ihcir  peak  or  iruixi 
mum  values.  In  the  development  of  the  three-phase  e.mJs.  in  Fig.  19.7,  clockwise  rotation  of  the 
field  system  in  Fig      I  wa-  assumed  This  assumption  mode  the  e.mJs.  of  phase  'b'  lag  behind 


FlR.  IV.7 

thai  of  'a'  by  120"  and  in  a  similar  way,  made  thai  of  V  tag  behind  that  of  7>'  by  120°  (or  thai  of 
V  by  240°).  Hence,  the  order  in  which  the  e.mJs.  of  phases  <i,  b  and  c  attain  their  maximum 
values  is  a  b  c.  It  it  called  the  phase  order  or  phase  sequence  a  -»  -+  c  as  illustrated  in  Fig. 
19-7 

If,  now.  ihc  mtaiiun  <>l  the  field  structure  of  Fig.  19  1  is  reversed  i.e.  made  anticlockwise, 
men  the  order  in  which  the  three  phases  would  attain  their  corresponding  maximum  voltages 
would  also  be  reversed.  The  phase  sequence  would  become  a  -*  b  — »c  ,  This  means  lhal  cnxf.  ol 
phase  V  would  now  lag  behind  mat  -of  phase  'a'  by  1 20*  instead  of  24fl"  as  in  the  previous  case 
a.-,  shown  in  Fig.  19. 7  ibl  By  repealing  ihc  leners.  ihis  phase  sequence  can  he  written  as  acbacha 
which  is  the  same  thing  as  iba.  Obviously,  a  three -phase  system  has  only  two  possible  sequences : 
uhc  and  i  ba  lie.  ahc  read  in  the  reverse  direction). 


Polyphase  Circuits 

19 J.  Phase  Sequence  ,\i  l.ouri 

Id  general,  the  phase  sequence  of  the 
voltages  applied  to  load  is  determined  by 
the  order  in  winch  the  3-phasc  lines  are 
connected.  The  phase  sequence  can  be 
reversed  by  interchanging  any  pair  of  lines. 
In  the  case  of  an  induction  motor,  reversal 
of  sequence  results  in  the  reversed 
direction  of  motor  rotation,  hi  the  case  of 
3-phase  unbalanced  loads,  the  effect  of 
sequence  reversal  is.  in  general,  to  cause  a 
completely  different  set  of  values  of  the 
currents.  Hence,  when  working  on  such 
systems,  it  is  essential  that  phase  sequence 
be  clearly  specified  otherwise  unnecessary 
confusion  will  arise.  Incidentally,  reversing 
the  phase  sequence  of  a  3-phase  generator 
which  is  to  be  paralleled  with  a  similar 
generator  c;ui  cause  extensive  damage  to 
both  the  machines. 

Fig.  19.8  illustrates  the  fact  that  by 
interchanging  any  two  of  the  three  cables 
the  phase  sequence  at  the  load  can  be 
reversed  (hough  sequence  of  3-phase 
supply  remains  the  same  i.e.  abc.  It  is 
customary  to  define  phase  sequence  at  the 
load  by  reading  repetitively  from  top  to 
bottom.  For  example,  load  phase  sequence 
in  Ftp.  l^.S  ia)  would  be  read  as 
ahcabcabc-  or  simply  abc.  The  changes 
an-  as  tabulated  below  : 
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Phase 
Sequence 


jIil 


jaefr]  aeh 


e 

b 

— i 

4 

* 1 3  ^hajch 


Cables 
Interrhanged 


a  and  ii 
b  and  c 
c  and  a 


Pisuse 
Sequence 


b  a  I  c  b  a  c  b  a   c  —  or  c  b  a 

cb  -  or  t:  b  a 


r  b a c bu 


c  b  uc  b  u    t  b  a  -  or  i  h  a 


IW.  Numbering  «f  leases 

The  three  phases  may  be  numbered  I.  2.  3  or  a,  b,  c  or  as  is  customary,  they  may  be  given 
three  colours.  The  colours  used  commercially  are  red.  yellow  tor  sometimes  white)  and  blue.  In 
this  case,  the  sequence  is  RYB. 

Obviously,  in  any  three-phase  system,  there  are  two  possible  sequences  in  which  the  three 
coil  or  phase  voltages  may  pass  through  their  maximum  values  i.e.  re  — ►  yellow  — >  blue  iRYB) 
or  red  -»  blue  yellow  [RBYi.  By  convention,  sequence  RYB  is  taken  as  positive  and  RBY  as 
negative. 
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19.5.  Interconnection  of  Threw  Phases 

If  the  three  armature  coils  of  die  3- phase  alternator  (Fig. 
19,8)  are  not  interconnected  but  are  kept  separate,  us  shown  in 
Fig.  19.9,  then  each  phase  or  circuit  would  need  two  conduc- 
tors, the  tola]  number  of  conductors,  in  that  case,  being  six.  It 
means  that  each  transmission  cable  would  contain  six  conduc- 
tors which  will  make  the  whole  system  complicated  and  ex- 
pensive. Hence,  the  three  phases  are  generally  interconnected 
which  results  in  substantial  saving  of  copper.  The  general  meth- 
ods of  interconnection  are 

(a)  Star  or  Wye  (Y)  connection  and 

ibi  Mesh  or  Delia  (  A  )  connection. 

19.6.  Sou-  or  Wye  <Y)  Connection 

In  this  method  of  interconnection,  the  similar*  ends  say, 
'star'  ends  of  three  coils  (it  could  be  'finishing'  ends  also)  are 
joined  together  at  point  N  as  shown  in  Fig.  19,10  (ai. 

The  point  jV  is  known  as  star  point  or  neutral  point.  The 
Ihrec  eiinduetnrs  meeting  at  point  A/  arc  replaced  by  a 
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single  conductor  known  as  neutral  con- 
ductor as  shown  in  Fig.  19.10  (A).  Such 
an  interconnected  system  is  known  as 
four- wire,  3-phase  system  and  is  dia- 
grammatical ly  shown  in  Fig.  19.10  ib). 
If  Ll lire -phase  voltage  system  is  ap- 
plied across  a  balanced  symmetrical  load, 
the  neutral  wire  will  be  carrying  three 
currents  which  are  exactly  equal  in  mag 
niiude  but  are  120°  out  of  phase  with 
each  other.  Hence,  ilieir  vector  sum  is 


/.ero. 


,.  vectorial  ly 


The  neutral  wire,  in  that  case,  may  be  omitted  although  Its  retention  is  useful  for  supplying 
lighting  loads  at  low  voltages  (Ex.  19.22).  The  p.d.  between  any  lerminal  (or  line)  and  neutral  (or 
star)  point  gives  the  phase  or  star  voltage.  Bui  the  p.d.  between  any  two  Lines  gives  the  line-to- 
line  voltage  or  simply  line  voltage. 
1 9.T  Values  of  Phase  Currents 

When  considering  the  distribution  of  current  in  a  3-phase  system,  it  is  extremely  important 
to  bear  in  mind  that  : 

(j>  the  arrow  placed  alongside  the  currents  l}  and  /  flowing  in  the  three  phases  [Fig. 
19.10  {b)]  indicate  die  directions  of  currents  when  they  are  assumed  to  be  positive  and  not  the 
directions  ul  a  particular  instant.  It  should  be  clearly  understood  that  at  no  inxlant  will  all  the  three 
currents  flow  in  the  same  direction  either  outwards  or  inwards.  The  three  arrows  indicate  thai  first 
die  current  Oows  outwards  in  phusc  R,  then  alter  a  phase-lime  uf  1 20°,  it  will  flow  outwards  from 
phase  1  and  after  a  lurther  120°,  outwards  from  phase  B. 

(if)  the  current  flowing  outwards  in  one  or  two  conductors  is  always  equal  to  that  flowing 
inwards  in  the  remaining  conductor  or  conductors.  In  other  words,  each  conductor  in  turn,  pro- 
vides a  return  path  for  the  currents  of  die  other  conductors. 


As  an  aid  Ui  memory,  remember  lhai  fir*  leOi-i  •    •  WiiLu  r  rlic  same     rhss  nl  Star. 
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In  Fig.  19.1 1  are  shown  the  three  phase  currents,  having  the  same  peak  value  of  20  A  but 
displaced  from  each  other  by  120°.  At  instant  'a',  the 
currents  in  phases  ft  and  B  ure  each  +  10  A  (i.e.  flow- 
ing oui winds)  whereas  die  current  in  phase  i'  is  -  20A 
U.e.  flowing  inwards).  In  other  words,  at  the  instant 
'a',  phase  Y  is  acting  as  return  path  for  the  currents  in 
pha.si.-s  R  ami  rf  Ai  instant  />.  =  -i  ]i  A  and  /  =  o 
A  but  /fl  =  -20A  which  means  that  now  phase  8  is 
providing  the  return  palh- 

Al  instant  c,  /..  =  + 1 5  A  and  /„  =  +5A  and  {  = 
-20A.  V  *  * 

Hence,  now  phase  R  carries  curreni  inwards 
whereas  Y  and  B  cam'  current  oui  wards.  Similarly  at 
point  d.  tR  =  0, 1B  =  I7J  A  and  iy  =  -  17.3  A.  In  other 
words,  cumeni  is  flowing  outwards  from  phase  and 
returning  via  phase  Y. 

In  addition,  it  may  be  noted  thai  although  the  dislribulion  of  currents  between  the  three  lines 
is  continuously  changing,  yet  at  any  instant  the  aie.chr.iic  stun  of  the  instantaneous  values  of  the 


algebraically. 


three  current  is  zero  Le.  L  +  (.,  +  !  =0 

19.8.  Voltages  and  Currents  in  Y-L'nnnectjiin 

The  voltage  induced  in  each  winding  is  called  the  phase  voltage  and  current  in  each  winding 
is  likewise  known  as  phase  curreni.  However,  the  voltage  available  between  any  pair  of 

terminals  (or  outers)  is  called  line  volt- 
age iVL)  and  the  current  flowing  in  each 
line  is  called  line  current  t  l^). 

As  seen  from  Fig.  19.12  (ah  in  this 
form  of  interconnection,  there  arc  two 
phase  windings  between  each  pair  of  ter- 
minals but  since  dieir  similar  ends  have 
heen  joined  together,  they  are  in  opposi- 
tion. Obviously,  the  instantaneous  value 
ol  p.d.  between  any  two  teiminah  is  ihu 
arithmetic  difference  of  the  two  phase 
emfs.  concerned.  However,  the  r.m.». 
value  of  this  p.d.  is  given  by  the  wctor 
difference  of  the  two  phase  e.m.fs. 
The  vector  diagram  for  phase  voltages  and  currents  in  a  star  connection  is  shown  in  Fig.  19.12 
ib)  where  a  balanced  system  has  been  assumed.*  It  means  that  E^  —  E  =  £f  (phase  e.m.f). 
Line  voltage       between  line  I  and  line  2  is  the  vector  difference  o(  £'s  and  F.  . 
Line  voltage  Vyg  between  line  2  and  line  3  is  the  vector  difference  of  EY  and  E  . 
Line  voltage  V    between  line  3  and  line  t  is  the  vector  difference  of  E„  and  f£. 
ui\  Line  \  i  tit  j  i;es  and  Phase  Volumes 


Fin,  19.12 


The  p.d.  between  line  I  and  2  is  VBlf  =  E.  -  £L 
Hence,  VKf  is  found  by  compounding  EK  and  fi, 


...  vector  difference, 
reversed  and  its  value  is  given  by  die 


diagonal  of  the  parallelogram  of  Fig.  19.13.  Obviously,  the  angle  between  ER  and  E  reversed  is 
60°.  Hence  if  Eg  =  Ey  =  £fl  =  say,  E^  -  the  phase  e.m.l..  then 

*  A  balanced  system  i*  wie  in  which  in  die  voltag«  \u  all  phones  arc  equal  in  magiiiuide  mi  tiffcr  m 
phase  frum  tine  another  hy  equal  angles,  in  ihiv  one.  ihic  angle  =  -  120*',  (it)  ihe  current  in  ihc  three 
phases  afL-  ci(l:il1  in  magnitude  and  aho  differ  in  phase  froui  one  another  hy  equal  angles. 

A  *-phave  balanced  load  is  thai  in  which  lite  loads  connected  across  ihre*  phase*  ate  identical. 


bib 


Ulet  tricti  I  T tchm  iliigy 


^2xEpHxcot.300-2x£pti-x—  =  SE,lh 


SimiJarly,  Vra  =  EY  <*  E8  =      E^     ...  vector  difference 

and         Vgjf  =  EB-E]t  =  Jl-Epi, 
Now  VRY  -Vjb=  Y„K  =  line  voltage,  say  Vy  Hence,  in 

star  connection  VL  =  ^3  ■  E^ 

It  will  be  noled  from  Fig,  15,13  thai 
L  Line  voltages  arc  120"  apart, 

2.  Line  voltages  are  30"  ahead  of  their  respective  phase  voltages. 

3.  The  angle  between  the  line  currents  and  the  corresponding  line  voltages  is  (30  +  <(i )  with 

current  lagging. 

\h>  Line  Currents  wnd  Phase  Currents 

It  is  seen  from  Fig.  19.12  (a)  that  each  line  is  in  series  with  its  individual  phase  winding, 
hence  the  line  ctureni  in  each  line  is  the  same  as  the  current  in  the  phase  winding  to  which  the  line 
is  connected. 

Current  in  Line  1  =  ft  ;  Current  in  line  2  =  R  •  Current  in  line  3  =  lg 
Since  lR  ■  ly  =  Ig  =  say.  /  A  -  the  pliase  current 

.-.  line  current  1=1. 
tfi)  Power       '  r 

The  total  active  or  true  power  in  the  circuit  is  the  sum  of  the  three  phase  powers.  Hence, 
loud  active  power  —  1  x  phase  power  or  P  s*  3  x  cos  $ 

Now  V  =  VL  t  V3    and       =  tL 

Hence,  in  terms  of  line  values,  the  above  expression  becomes 

P  =  3x^x/,  5Ccos<t»  or  P=<Jiv,lt  cos* 

It  should  be  particularly  noled  thai  is  the  angle  between  phase  vollage  and  phase  current 
and  nol  between  \hc  line  voltage  and  line  current. 

Similarly,  total  reactive  power  is  given  by  0  =  JlVL  lL  sinij> 

t)y  convention,  reactive  power  of  a  coil  is  taken  us  positive  and  that  of  a  capacitor  as 
negative. 

The  loud  apparent  power  of  the  three  phases  is 

S=JlVLlL  Obviously,  S^^P'+Q2  -  Art.  13.4 

Example  19.1.  A  balanced  star -connected  toad  of  (S  +  j6)  JJ  per  phase  u  connected  to  a 
balanced  A-phase  400-V  supply.  Find  the  line  current,  flBHBHHH^H^HBBHBI 
ptiwer  factor,  ptwer  and  total  volhampenrx. 

iKIeel.  Kiiaji..  IHiayalpur  Univ.  IW5) 


Sol  u  lion.  Z    ^  vV+61 


tOQ 


400  V 


=400/%/3  =231  V 


tin  p.r.  =  cos  «  =  Rf/£ph  -  8/io  =  <uiRi 
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(hi)  Power  P&VLftvvs$ 

-V5x  400  x  211x0.8  =  12.800  VV  [Also.  P  =  H2^       =  3(23. 1)1  »G=  12,800  IV] 

('VI  Total  volt-amperes.  S=  JlVJL  =  ^3  x  400  x  23-1  =  16,0<MI  VA 
I'-XJimpIt  19.2.  fVw.w  iY»/ftf#r.f     d  star  connected  alternator  am  E{ 
23t  jL  -I20T  V ;  avJ  B 


(to  /inr  willows  t„  and 

_K1    .  Nt 


-      ^  *r  v,-  E,  = 

2J7  ^  +J20"Y  What  is  the  phase  sequence  of  the  system  '.'  Compute 
i  Elect.  Medlines  \MJI  Svc.  H  Winter  l'X.Mi, 


Solution  The  phase  voltage  Ep  =  23 IZ  -  120°  can  be  written  as  Efl  =  231Z-24Q0  -  Hence, 
the  three  voltages  are:  Eg  -  231^-0° ,  231Z-120"  and  E  =231Z- 24CT  ,  II  is  seen  that 
£  is  the  reference  voltage,  £y  Jags  behind  it  by  120°  whereas  £„lags  behind  it  by  240".  Hence, 
phase  sequence  is  RY&.  Moreover,  it  is  a  symmetrical  3 -phase  voltage  system. 


Eg,  =  Eyg  =       x  23 1  =  40f)  \ 

Example  193  Three  equal  -ihirtunneited  inductors  take  X  kW  m  a  power  factor  0.8  whrn 
connected  across  a  4fi0  V,  5-phuxe,  1-phase,  3-wrre  supply.  End  the  circuit  constunts  of  tiir  too*} 
pet  phase.  (Elect  Machine  AMIE  Sec,  B  1992) 

Solution.  P  =  JlVLlL  cos*  or  ^  \ 

8000^^3x460x^x0,8  2*** 

Z 


/,  =  ll.tt  A  .-. 


=  122>5  A; 


a  VLt  S  =  460/V3  =  460/  vfr  -  265V 


AZ,,  =V/^  265/1255  =  21.  IQ 


/f^,  -  Z^  cosip  =  21.1  x0.8  =  16.9  « 

Xph=Zpll*\n$  =  2Ux0ii=lZ66fl: 
The  circuit  is  shown  In  Fig.  19.15. 


F%.  19.15 

Example  19.4.  Gntvi  u  balanced  3  —  <>.  3-tviw  system  with  Y-conrteriad  load  for  which  line 
voltage  is  230  V  and  impedance  of  each  phase  is  (6  +  78)  ohm.  Fmd  the  line  current  and  power 
absorbed  by  each  pfiase.  (Elect.  Engg  -  II  Pune  I  niv.  1991 1 

1  =l0tl;  V„,  =  VL,4i  =  230/ &  =  133V 


Solution.  Z 


r  tills 


cos0  =  If  /  Z  =  6  / 10  =  06; Iph  =      I =  1 33/ 10  =  1 3,3 A 

Power  absorbed  by  each  phase  m  t+FU  =  !3.3J  x6  =  1061  W 
Solution  l>v  S\niholu  Notation 

In  Fig.  19.16  (h),  V  Vf  and  Vg  are  the  phase  voltage  whereas  1^  ty  and  /ft  arc  phase  cur- 
Takinj:  VB  as  the  reference  vector,  we  gel 

T 


(OS 
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V.  =  133 

0 


Z  =  6  +  /S 


V,  =  133^0*  =  133  +  JO  volt 

Vy  =  I33Z- 120"=  133( -03-/0^66)  =(-66J-j'IJ5)voli 
Z  120*  =  133  f-  0.5  +  }  0.866)  =  (-  66.5  +  j  J 15)  rait 

=  10  Z  53°  8' ;  I  =  -4  =  tt1-!^  =  13JZ-53°8' 


*      Z  10ZS3fl8' 
This  current  lags  behind  the  reference  voltage  by  5jt°jj"  |F»g.  19.16  {/>)] 

J33Z-I2C1 


*r~  Z 


•  =  133Z- 173=8' 


ll>Z53°8' 

It  tags  behind  the  reference  vector  i.e.       by  I73"8'  which  amounts  to  lagging  behind  its 
phase  voltage  V  by  53°8'  - 


V 

z 


133Z-1200 


=  13.3Z66'52' 


[Eject  Engfr-l,  Nugpur  L'ni*.  I9**3) 


440V 


10Z5368' 

This  current  leads  By  66°52'  wbicb  Is  the  same  thing  as  lagging  behind  its  phase  voltage 
bv  5i68'-  For  calculation  of  power,  consider  /?-pbasc 

V  =  (133  -JO);  IK  =  13.3  (0.6  -  /}.»>  =  C798  -flOM) 
Using  method  of  conjugates,  we  gel 

Pw  =  (133  -  JO)  (7.98  =  1067  - /14I5 

.-.  Real  power  absorbed/phase  =  1067  W  -  as  before 

Example  19.5.  When  the  three  identical  star-connected  coils  are  supplied  with  440  V.  50  ft:. 
3-  <t)  supply,  the  I- 0  wattmeter  whose  current  coil  is  connected  in  line  R  and  pressure  coil  across 
the  phase  S  and  neutral  reads  6  k\\~  and  the  ammetct  connected  hi  R-pliasc  nods  JO  Amp  Assam- 
fag  RYU  phase  sequence  find 

Ul  reststam;-  and  reactance  oj  the  rod.       <m  the  power  factor,  of  the  load 

\iii)  rvacttw  power  of  3-  0)  load. 

Solution.  ^  =  440/%/3  =  254  VJpk=30A 
(fig.  19.17.) 

Now.  V  I J  cos  0  =  6000  :  154  x  30  *  cos  0 
=  6000 

ft  COS+  -  0.787  !  *  =  38.06°  and  unity  - 

(j)  Coil  resistance  R  =  Z  .  cos*  =  8.47  x  0.787 
-  6.66  J2 

it  =  2  8.47  *  0.616  m  5.22  fl 

f/7)  p.f.  =  cos  *  =  0.787  (lag)  F»J^  HU7 

O'jV)  Reactive  power  =  ,/3  /  VL/L  sin  <|>  =  jS x 440x  30  x  0.616  =  14.083VA  =  J4.083kVA. 

Example  19.6  Catculuie  the  active  and  reactive  components  in  each  phase  of  Y-iomu . :tt:d 
10.01)0  V,  i-phusc  alternator  sapplyiaif  \<tc*/  ill  at  0  S"  p.f.  lj  the  tatal  current  remains  the  tame 
when  the  load  p.f  ts  raised  to  Q.V.  'find  the  now  output 

(Elements  of  Elect.  Eiigg.-!.  tiangulnre  l.'nl*.  1985) 

Solution.    5000  x  Kr4  =  &  x  10.000x  IL  x  0&  JL  =      =  361 A 

active  component     =  /£t:os(t»=  361  x  0.8  -  288.S  \ 
reactive  component  -  f  sin*  =361  x  0-6  =:21li.<>  A 

New  power  P  ■  cos<)>  =  ^3  x  104  x  361  x  0.9  =  5.625  kW 

lornew  power  -  5000  x  0.9/0.8  =  5625  kW] 

Example  19.7.  Deduce  the  relationship  between  the  phase  and  line  voltages  of  a  three 
phtise  star-connected  alternator.  If  the  phase  voltage  oj  a  3-phasr  star-cannteted  alternator  he 
200  V  what  will  he  the  line  voflaga  (aj  when  the  phases  are  correctly  connected  and  (/:.!  when  die 
connections  to  one  oj  the  phases  ttrr  reversed 


Polyphase  ( imiils 
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Solution,  (a)  When  phases  arc  correctly  uhinlvIcJ.  die  \cc\ui  diagram  is  as  shown  in  Fig. 
19.12.  (b).  As  proved  in  Ait  19.7 


■346  V 


f'h 


■■100  V 


Each  line  voltage  =  x200  =  t 
U»)  Suppose  connections  let  fl-phase  have  been  re- 
versed. Then  voltage  vector  diagram  for  such  a  case  is 
shown  in  Fig.  19.18.  It  should  be  noted  that  Ftf  has  been 
drawn  in  die  reversed  direction,  so  that  angles  between 
the  three-phase  voltages  arc  60"  (instead  of  the  usual  120°) 

...  vector  difference 

^3  x  200  v 
...  vector  difference 


V    =  F  -E 

=  2  x  E    x  cos  30* 


He,  it.m 


=  2  x  £  ,  x  cos  60"  =  2x200*  -  =  2<XI\ 


vector  difference  ■ 


2k  E.  x  cos  60°=  2  x  200x1  =  2tMl  \ 

ph  2 


K\ample  ly.K  In  a  4-wite.  <plriis<  \v.\tcm.  niv  phases  hove  currents.  i>f  IDA  unJ  6.4  .it 
toSRit'H  power  factors  of  0.H  ami  <).(>  ivipectiveh  while  liie  third  pha<;e  is  «pen-citruiled.  Calcu- 
late tiw  current  in  the  iteitlrul  and  sketch  the  k  trior  diagram. 

Solotion.  The  circuit  is  shown  in  Fig.  19.19  (a). 

«,  =  cos-1  (0.8)  =  36*54';  p2  =  cos"'  (0,6)  =  5T6' 
Lei      be  taken  as  the  reference  vector.  Then 
lR  =  IOZ-36°54'  =  (8-/6)  I  -6Z-I7W-  (-6-/0.72) 

The  neutral  current  1^.  as  shown  in  Fig.  19.16  \h).  is  the  sum  of  these  two  currents. 

^  =  (8  -  j6)  +  (-6  -  fim  =  2  -  J6.72=  -?z  _  73°26* 


Mi 


w 

fl%  19.1 'J 

Example  J  9.9  (a).  Three  rc/in//  tttar-cotuteaed  inductor*  take  S  UV  at  fkwer  factor  U.8  when 
umnerletlu  460-V.  S-phsi\f.  '-,i;>c  .up(<t:  t-hul  Hit  liw  .  on;  m ,  ./  ,>»■«■  mductni  li  thtin-i  ircuiled 
Solution.  Siivce  the  circuit  is  balancei!,  rhe  three  line  voltages  are  represented  by 

=  460^0°;^  =460Z- 120°  and  V„  =  460ZI2Q° 
The  phase  impedance  can  be  found  from  the  given  data  : 

8000=  V3  x  460  x/t  x  0.8  ,\  =      =  12.55  A 


Llecfricai  rrchnalagy 


Zph  =  Vph/lpll  =  460/^3  xlZ55  =  2L2Q; 

...         -  2L2Z36.913  because  *  =  cos"1  (0,8)  -  36.9° 

As  shown  in  the  Rng.  19.20.  the  phase  c  has  been  short- 
circuited  The  luie  current  /  =  V  fZ  .  =  -  V  fZ   because  the 

a        iii     trli  co  ph 

current  enters  at  point  a  and  leaves  From  point  c, 
a  Ia=  -460Z 1 20072 O Z3&90  =  2 L7Z83J' 
Similarly,  ^  =  Vfc/Z    =  460  Z  12072  L2    Z  36.9°  = 

21.7  Z  -156.9°.  The  current  /  can  be  Found  by  applying  KVL 

to  the  neutral  point  N, 


nr  /=-/-/„ 


tM  +  lk  +  f  =  0 
/c  -  2I7ZS3.1'-21.7Z  - 156.9°-  37.3Z53j6° 


I  iK.  I'l.W 


Hence,  the  magnitudes  of  the  three  currents  are  :  2 1.7  A; 
21.7  AJ;  37.3  A. 

Example  19.9  I  ft  I.  Loch  phase  of  a  star-connected  (and  consists  of  a  non-nwenve  resistance 

of  IW  fl  m  parallel  with  a  capacitance  of M.H  pF 

Calculate  the  line  current,  the  power  absorbed, 
the  toial  kVA  tint!  file  power  factor  %vhen  cannevled  to 
a  4lb~V,  S-phase.  5ft  Hz  supply. 

Solution,  "live  circuit  is  shown  in  Fig.  14.20. 

VpH  -  (416  /  Si  Z0°-  240Z0°=  (240+ jO) 
Admittance  of  each  phase  is 


100 


-0.0l+;0.0l 
I  ,  =  V  ,  .  Y  .  ~  240(0.01  +  jO.01) 

ph         ph       pli  * 

=  2.4  +  fZA  ■  3.39  Z45" 
Since  /   =  /,  -  Tor  a  star  connection 

rawer  factor  -  cos  45°  -  IL7U7  i leading) 
Now 

A  P 


tifft  I  ¥.2 1 


339  A 


V^(240+jO);f  ,  -2.4  +  /Z.4 


per  phase 


'  ph      Til-  *         * ft 

44  =  (240  +  Jf0)(2.4+y  2.4) 

=  240  x  2.4  -flA  x  240  =  576  -  j576  -  814.4  Z  -45° 
Hence,  total  power  =  3  k  576  =1728  W  =  1.728  kW 
Tntal  voltampcr*  -  814.4  x  3  =  2,443  VA  ;  kilovolt  amperes  =  2.433  kVA 
Example  19.10.  A  three  pahxe  400-V,  50  Hz.  a.c.  .supply  is  feeding  a  three  phase  delta- 
connected  toad  with  each  phase  Itavtng  a  resistance  of  25  ohms,  an  ituluciance  of  0.15  H,  u/id  I 
capacitor  of  120  microfarad*  in  setie.s.  Determine  the  line  current,  vtdi-ump,  active  power  and 
reactive  volt-amp  JNagpur  University,  November  1*W>1 

Solution.  Impedance  per  phase  r  +  jX^  -jXc 
JfL=  2nx50xOI5  =  47.|  tl 

10*   
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COS$  =  ■ 


25 


Lagging,  since  inductive  reactance  is  dominating. 


400  V 


Fig.  1^2 


400 


Phase  Cumeni  - 


=  11357 


25  +  J2QJ6 

Line  Currents  J$x  J2.357  =21.4  amp 
Since  the  Power  factor  is  0.772  lagging, 

P  =  total  three  phase  power  =      Vi  1L  cos$  k 

=       x  400  x  21-4  x  0,772  x  l(T3  =  11.446  kW 

1 1 446 

S  =  total  3  ph  kVA 


0.772 


»  14.83  kVA  14.83  kVA 


Q  -  tola!  3  ph  "reactive  kilo-volt-amp"  ^  =  (S2  -  P2")030  =  9.43  kVAR  lagging 
Example  19.11.  Three  phase  star-connected  load  when  supplied  jrr»>\  a  4W  V  SO  Hz  source 

Hikes  a  tine  current  of  W  A  at  60. 06"  w.r.  to  it\  line  voltage.  Calculate  :  jil  Impedamr-Paramctem. 

fit/  P.f.  and  active-power  consumed  Draw  the  phasar  diagram. 

INagpur  University.  April  IW8| 

Sniulinn.  Draw  three  phasoTs  for  phase-voltages. 

These  are  V  V  t  V  in  Fig  19.23.  As  far 
as  phase  number  lis  concerned,  its  current  is  I  and 
the  associated  line  voltage  is  V(]  ,  and  V 
differ  in  phase  by  30".  A  current  differing  in  phase 
with  respect  m  line  voltage  by  66.86" 
and  associated  with  V  can  only  be  lagging,  as 
shown  in  Fig.  19.23.  This  means  0  =  36. 86", 
and  the  corresponding  load  power  factor  is  0.80  lag- 
ging. 


Z  =  V  A  k  =  231/10  =  23.1  ohms 


R  =  Z  cos  4>  =  23.1  x  0.8  =  18.48  ohms 

XL  -  Z  sin  (|>  =  23.1  *  ?0,6  =  13.86  ohms 

Total  active  puwer  consumed  -  3  V ^      cos  $ 

=  3  K'JBl  x  10  x  0,8  x  1(T5  kW  ■  5.544  kW 
or  total  active  power  =  3  x  I*R  =  3  x  "0:  x  18.48  =  5544  wait.- 

For  complete  phasor  diagram  for  three  phases,  the  part  of  the  diagram  for  Phase  I  in 
Fig  19.23  has  to  he  suitably  repeated  for  phase- numbers  2  and  3. 
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li/>  Ddla  <A>  or  Merit  Connection 

In  this  form,  of  interconnection  the  dissimilar  ends  of  the  three  phase  winding  are  joined 
together  i.e.  the  'starting'  end  of  one  phase  is  joined  to  the  'finishing'  end  of  the  other  phase  and 
so  on  as  showing  in  Fig.  19.24  (a).  In  other  words,  the  three  windings  are  joined  in  series  to  form 
I  dosed  mesh  as  shown  in  Fig.  19  .24  (ft). 

Three  leads  are  taken  out  from  the  three  junctions  as  shown  as  outward  directions  are  taken 
as  positive. 


ll  might  look  as  if  ihis  sort  of  in- 
terconnection results  in  shurtcircuiiiug 
the  three  windings.  However,  if  the  sys- 
tem is  balanced  then  sum  of  (he  three 
voltages  nuind  the  closed  mesh  is  Aero, 
hence  no  current  of  fundamental  fre- 
quency can  flow  around  the  mesh  when 
the  terminals  arc  npen.  It  should  be 
clearly  undeistiwd  dial  ut  any  instant,  the 
e.m.f,  in  one  phase  is  equal  and  oppo- 
site to  the  resultant  of  those  in  the  other 
two  phases. 

This  i>|v  ot  ci'micciion  is  also  relcrred  m  us  3 -phase.  3- win;  system 
(f)  Line  \iilt.i<;vs  ,otd  Jims*'  \  ullage* 

II  is  seen  from  Fig.  19.24  (b\  that  there  is  only  one  phase  winding  completely  included 
between  any  pair  of  terminals.  Hence,  in  A-cotmection.  the  voltage  between  any  pair  of  lines  is 
equal  to  the  phase  voltage  of  the  phase  winding  connected  between  the  two  lines  considered. 
Since  phase  sequence  is  R  Y  B,  the  voltage  having  its  positive  direction  from  R  to  Y  leads  by  120" 
on  that  having  its  positive  direction  from  Y  to  B.  Calling  the  voltage  between  lines  I  and  2  as  V 

V 


F»R.  19.24 


and  thai  between  lines  2  and  3  as  V  .  we  find  that 
120"  as  shown  in  Ftg  19.23.  Let  VHf=  |*_  m  V 
in  Line  Currents  and  Phase  t 


lead  V    b*  120'. 

til  la 


Similarly. 

=  line  voltage  Vv  Then,  it  is  seen  that  V 


n 

urrcnts 

li  will  be  seen  from  Fig.  19.24  (A)  that  current  in  each  line  is  the  vector  difference  of  the  two 
phase  currents  flowing  through  that  line.  For  example 


vector  difference 


Current  in  line  No.  I  is  found  by  compounding  y  and  /  reversed  and  its  value  is  given  by 
the  diagonal  of  the  parallelogram  of  Fig,  19.25.  The  angle  between  /  and  lg  reversed  (Le.  -  lg)  is 
60*.  If  /  ■  f  -  phase  current  /    fsay),  then 

Curreni  in  line  No.  1  is 


Current  in  line  1  is  / , 

=  h 

Current  in  line  2  is  /, 

=  /r 

Current  in  line  3  il  /3 

=  'a 

-'r 

/(  =  2  x  /  x  cos  WTO.) 
Curreni  in  line  No.  2  is 


2  *  l^  &tl=Jllph 


/j  m  /B  -  ly  .„  vector  difference  =  ^3/^and  cunent 


in  tine  No.  3  is 


= 


■  "Actor  difference  -Ji  i^ 
Since  all  the  line  currents  are  equal  in  magnitude  Le. 


'1  = 


With  reference  to  Fig.  19.25.  it  should  be  noted  that 

1.  line  currents  are  I2ff'  apart  ; 

2.  line  currents  are  30*  behind  the  respective  phase 
currents  ; 

)  tin.1  angle  between  the  line  currents  and  the  correspond- 
ing line  voltages  is  (30  +  6)  with  the  curreni  lagging. 


Fig.  19.25 


•  As  an  aid  to  mummy  remember  ihai  first  letter  D  of  Chwiirnilar  is  the  same  o»  that  of  Delta 


Polyphase  Circuits 
tioj  PowiT 


taa 


Power/phase  =  cos  *  -  Total  power  =3x  ^  '  cos  $ .  However.  V  =  VL  and  =  1^1  v'3 
Hence,  in  terms  of  line  values,  the  above  expression  for  power  becomes 

P  =  3x  VL  x-^xcos*  =  Ji VJL  cos* 

where  4*  is  the  phase  power  factor  angle. 
IV.  HI.  Balanced  Y/A  unri        I  onvi-rsion 

In  view  of  ihe  above  relationship  between  line  and  phase  airrems  and  voltage*,  airs  bui- 
anted  K-connecred  system  may  be  completely  replaced  by  an  equivalent  A-cormcclcd  system.  For 
example,  a  3-phasc,  >'-connectcd  system  having  the  voltage  of  V  and  line  current  /  may  be  re- 
placed by  a  A-connected  system  in  which  phase  voltage  is  V  and  phase  current  is  /t  /  - 


Ftp.  It  J* 

Similarly,  a  balanced  >'-connected  load  having  equal  branch  impedances  each  of  Z  Z  f>  may 

be  replaced  by  an  equivalent  A -connected  load  whose  each  phase  impedance  is  3Z  Z  *.  This 
equivalence  is  shown  in  Fig.  19.26. 

For  a  balanced  star-connected  load,  let 

V  a  line  voltage;  /  =  line  currenl  .  Z  ~  impedance/ phase 

Nnw,  in  (he  equivalent    A  -connected  system,  the  line  voltages  and  currents  must  have  the 
same  values  as  in  Ihe  ) '-connected  system,  hence  wc  must  have 

V**^   lM-lt/J3  .-.  Z&  =  VLfllLfJS)  =  &VL(IL=3ZY 


Za  Z<M3Z,Z* 
Zs  =2Zy  or  Zt  =  Z4/3 


(V  VLttL=&Zr\ 


The  case  of  unbalanced  load  conversion  in  i-i.wMdered  later  (Art.  19-34) 

Example  19.12.  A  star-connected  alternator  supplies  a  delta  ctmnerted  had.  The  imped- 
anct  of  the  ioad  brunch  is  {H  +  }6)  ohin/pltuse.  the  line  voltage  is  230  V.  Determine  fat  current  in 
the  hmJ  brtuttit,  \bl  power  Mtuumt  d  bv  the  lutui,  \t'i  power  factor  of  ItHid.  (d)  reactive  power  of 
the  bhid  (  Elect.  EngR.  A.M.  Ac.  SX  June  1991 1 

Solution.  Considering  the  A -connected  load,  we  have  Z_j  =  Ji1  +  61  =  IOQ;  =  VL  «  230  V 
<a>  L  ■  VM.  ■  230/10  =  23  A 

(b)  tL  =  ,/3/M  W3  x  23  =  39.8  A,  f>=J$VLlL  cos*=  V3x 230  x  39.Bx0.8  =  \2jSM  W 
(r>  pJ".  cos  *  =  R  I  2  =  8/10  =  0.8  |Lig> 

Reactive  power  {?  =  ^3  Vf ,     sin  0  =     x  230  x  39.8  x  O.n  =  951 3  W 
Kuonptc  t  V.  13,  .-I  ^20-  V:  J-  4  trtfoijfe  w  applied  to  a  balanced  delta-connected  J-  0  load  <<t 

phase  mifiediince  (15  +  7»'J'i2  ■ 

fa)  find  //jir  phusor  current  in  each  tine,  (b)  What  is  the  power  consumed  per  phase  '.' 
frj  Wfutt  is  the  phaitnr  sum  of  the  thrre  line  cwrmfi  9  Why  does  ft  have  this  value  ' 

(Elect.  Circuits  and  Ittsiurnitiils.  B.H.I1.  IVS5: 
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Solution.  The  circuit  is  shown  in  Fig.  19-27 


220  Vi  2^  =  -Ji5-  +  201 


25a  t„  =  VM  IZ^  =  220/25  =  B.8A 


[a]  t{_  —  1/3  fpj,  — 1/3  x 8.8  —  15,24  A  {>)  P^t^R^  =  U2  x  15=  462  W 

(t  >  Phasor  sum  would  be  zero  because  the  three  currents  are  equal  in  magnitude  and  have  a 
mutual  phase  difference  or  (20*. 

Solution  by  Symbolic  Notation 

Taking  VKt.  as  the  reference  vector,  we  have  (Fig.  19.27  (6)J 


V„  =2(1  Z0=; 
VM  =  220°  Z120°: 

1  =Ym. 
*  z 


Vn  =  220  Z  - 1 20° 
Z  =  ]5+/20=l25Z53*r 
220  Z0D 


25Z53*8 
220Z-I20* 


25Z53"8' 
220Z-12C 


;  =  88Z  -  53°8  =  (528  -  /7.04)  A 
=  88  Z  -  173"8' m  (-8.75  -  /I.05)  A 


=  88Z66D55'  =  (3.56-»-;8J) 


25Z53°8' 
(<j)  Current  in  hnc  No.  1  is 

tt  *JL-%t*  (5J8      7.04)  -  (456  +  fg.\)  *  { J.72  -/15-14)  -  15.23  Z  -  83  v> 

I,  =  ly-lK  =  (-8.75  -j  1.051  -  (5.28  -/7.041  =  (-14.03  +j  6.0)  -  15.47  Z  -  156.8s 

I,  -IJf-ly.  =  <356-;8.[)-(-8.75  -/1.05)  =  (12.31  +y  9.15)  =  15.26  Z  36,8" 

(M  Using  conjugate  of  voltage,  we  get  for  tf-phase 

VVA  =  Vw .  1,  -  (220  -  JO)  (5.28  -  7.041  =  { 1 162  -  j  1550)  voltampcr 

Real  power  per  phase  =  1 162  W 

(r)  Phasor  sum  of  three  line  currents  « 

-  I,  +  lj  +  I,  -  (1.72  -j  15.14)  +  (-  14,03  +  j  6.0)  +  (1231  j  9.15)  ■  0 

As  expected,  phasor  sum  of  3  line  currents  drawn  by  a  balanced  load  is  *cm  because  ihese 

;ire  equal  in  magnitude  and  have  a  phase  difference  of  I20=  amooni  themselves. 

Example  19.14  A       Aawntcted  aitermtur         a  balanced  J-Q  loud  wfiaxr  ewfi  phasr 

cunvnt  ii  10  A  in  tiiti^iuimlr.  At  lilt  nmr  u/ifii  I  =1(1/.  JCT.  dctfimiut  the  fallowing,  (tiro  phu.\t- 

iti/ucm  c  ot  ubc- 

11)  Pntar  r  question  for  I  and  I  and  I  Hi  pttlur  cxpnrixwn.i  for  the  thrr?  tine  current. 
Shim  :hf  phase  tint!  inw  ,:umnn  <»\  a  piuswi  diagram. 

Solution.  if)  Since  il  is  a  balanced  3-phasc  system,  /.  lags  /  bv  1 20"  and  /  lags  i  bv  240s 
or  leads  it  by  120". 

t„  =  /„  Z  - 1 20°  =  IOZdO°-12m  -  10Z  -  90" 

/r  =  /„Zl20"=  IOZ(3O%12O°)  =  IOZ150° 

l"hc  3-phasc  currents  have  been  represented  un  llic  pluisor  Juuimn  ol  l  ie  19  28  (*). 
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As  seen  from  Kg.  19.28  <fr),  the  line  currents  log  behind  their  nearest  phase  currents  by  30°. 


Ili 

t- 

tut  li :  /  fbj 

fie-  19-28 

lu  =  ^3  ■/„  Z  (30"-30")  = 

/u  ~Ji  thZ  C-90"-30"  >  -  17  JZ  - 1 20° 

t^^Ji.tf.  z (lSfy-sm^njziMr 

These  line  currents  have  also  been  shown  in  Fig.  1928  (&). 

fcjuuriplr  19-15.  Three  umilar  coils,  each  farvcis,-  a  ir>nl««i  <  "/  .?('  <i/»m.i  tiftJ  tin  uu/uifiJ'ii  r 
of  0.0$  H  are  cimnected  tn  Hi  star  {til  tnesh  lit  a  3 -phase,  50-Hz  supply  with  4(XhV  hemeen  itius. 
Calruiate  the  mini  power  absorbed  and  the  line  current  in  <a-  Draw  the  vector  diagram  nt 

current  und  voltage*  in  each  cose.  (Elect  Technology.  Punjab  llniv.  |*fin 

Solution.  XL  ^litxSOvO.OS^lSaZ^  =Vl5J+202  =  25Q 
(il  Slur  (  nrintt-li«HK  [Fig.  19.29  UO] 

=400/^3  =  231  V;  7^=^/2^  =231/25  =  9240 

/i=^=y24A:  /»  =  >/3x4O0x9^4x<2O/25)=  5I20W 
cm  Delta  l  onnt-ttion  |Fig,  19.29  (b)] 

V;ih=VL  =400  V;      =  400/25  =  16  A  /*  =  Sl^  =  V3x  16  =  27,7  \ 

P=  ^x400x27.7x(20/25)=15^6«  ^ 
Nun  .  It  may  be  noted  that  line  current  as  well  as  power  ore  three  times  the  star  values. 

Ao- 

400  V 


Fig, 


f}3(,  Electrical  Technology 

Example  19,16,  A  A  connected  balanced  3 -phase  lotul  is  supplied  from  a  .< -phase  -llXl-V 
supply.  The  line  current  it  20  A  and  tiu-  Power  token  by  the  hmd  is  lO.QOf)  W.  Find  U)  impedance 
i»  each  branch  tiii  the  Hue  current,  power  factor  and  power  consumed  if  the  tame  Umd  is  con- 
nected in  star.  (Electrical  Machines.  A.M.LE.  Sec,  B.  1992) 

Solution.  (i\  Delia  Connection, 

=  VL  =  400  V:  tL  =  20*      =  20/  J?  A 

(A  ■  !U  =  400 n  =  ICS  =  34.64  ft 

Now  />  =  Jj,  VJL  costy   .*.  cos <(i  =  1 0,000/^/3  x  400  x  20=  tl.7217 
Hi)  Star  Connection 

400  ,       400/>/3  _ 20      '      .  20 

Power  factor  remains  the  same  since  impedance  is  the  same. 

Power  consumed  -      x  400  x  (20  /  3) + 0.72  J  7  =  3  J30  W 
Note.  The  power  consumed  is  1/3  of  its  value  of  A-cimrnxiHin. 

Example  I9.J7.  Tfitvc  wntlar  resistors  are  connected  in  star  across  400- V  3phase  lines. 
The  line  current  is  5  A.  Cahulate  the  value  of  each  n'iistor.  To  what  value  should  the  Urn  voltage, 
be  changed  to  obtain  she  same  lint  current  with  the  resistors  delto-cnnttected. 

Solution.  Star  Connection 

lL  =  l^  =5Al^  =  400/ &  =  231V  .-.K^  =231/5  =  40.2  Q 
Delta  Connection 

lL  «  5  A  ...  (given)  /   =  Sf-Jl  A;       =  462  Q  ...  round  above 

Nolt,  Voltage  needed  is  I /3rd  the  &tar  value. 

Example  19.18.  A  balanced  delta  connected  load,  consisting  of  there  cod\,  draws  [uj3  A 
at  0.5  power  factor  fttmi  100  V  3-pkase  supply.  If  the  coils  art  re-emmecud  in  star  across  the 
same  supply,  find  the  line  current  and  total  power  consumed 

[Elect.  TVchnoloRj.  Punjab  Unto.  Nov.  19881 

Solution.  Delta  Connection 

=  VL  =  KW;  1L  =  10n/3  A;  t#  =  UhfelS  =10  A 

^=Vpfc//^  =  100/10=  10D:  cos $  =  0.5  (given);  sin<t>  =  0.866 

.■-  Rpi,  =2p*  ww*=  10x05  =  50;       =Zph  sin  <|i  =  10x0.866  =  8.06  Q 

Incidentally,  total  power  consumed  =  J3VL1L  cos  $  =  ^x|M>xlDv/3x03=l500W 
Slur  Connection 

=VJ>/3  =  100!>/3;  Zfllt  =Wil  J^  *V+f2L  =100/^x10  =  101^  A 
Total  power  absorbed  =  Ji  x  lOOx  (10^3 1  x  0.5  =  5<H1  W 

ll  would  be  noted  that  the  line  current  as  well  as  the  power  absorbed  are  one-third  of  thai  in 
the  delta  connection. 

Example  19-.19.  Three  identical  impedances  an:  connected  in  delta  to  a  3  $  supply  of  400  V. 
Jlie  tine  current  is  35  A  and  the  total  power  token  from  the  supply  is  t5k\Y.  Calculate  the  resistance 
and  reactance  values  of  each  impedance.  (Elect.  Technology.  Punjab  I'niv..  Dec.  1989) 

Solution.     V;fc  —Vj_=  400  V;     =■  35  A  .-.  tpH  =  35/ ^3  A 

-  Vfift*  =400x^3/35=  195  A 
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15.000 


=  0.619;  But  sin  6  =0.786 


Now.  Power  P=  fw,  I,  cm*  A  eo*t>  =   - 

JWLIL     V3x  400x35 

...       =  Z(A  cos*  =19.8x0.619  =  iUSih  X^  =Z^ sin* and       =19.8x0.786=  15.511 

Kxumple  19.21).  Tfm;  KK)Q  nun  inductive  rr sit  lances  are  connected  in  fal  xuir  iht  delta 
across  a  400-  V.  50-Mz.  3-phuse  mains.  Calculate  the  ptwer  token  from  the  supply  system  in  each 
case.  In  the  event  afmt  of  the  three  resistances  getting  open  circuited,  utun  >vmdd  he  the  value  tit 
tatul  power  taken  from  the  maim  at  each  of  the  ftio  kjim  ' 

(Elect  feigg.  A.MJte.  S.I  June.  IWi 

Solution  U)  stiir  (.  utintition  I  Fig.  iui| 
Vrh=4Q0\Ji  V 

P^S  VLiL  cos* 

=  ^3x400x4x1/^  =  1600  \\ 
in')  Delta  t  annection  Fig. 
19.30  tb) 

Vfk=40DV.  /fHt  =  lOOQ 
/^  =  40O/IO0  =  4A 

/L  =  4x^3  A  Fig.  1«J0 

/>  =  Vf5x400  x  4x^3xl  =  4800  W 
When  nut-  <tf  the  resistors  is  disconnected 
(ii  Star  Connection  [Fig.  19.28  {a)} 

The  t  ircuii  no  longer  remains  a  3-phasc  circuit  bul  consists  of  two  10U  £1  resistors  in  scries 
across  a  400- V  supply.  Current  in  lines  A  and  C  a  »  400/200  =  2  A 
PtTwcr  absorbed  in  both  ■  400  x  2  -  800  W 

Hence,  by  disconnecting  one  resistor,  the  power  consumption  is  reduced  by  half, 
i  hi  Delta  Connection  (Fig.  19.28 

In  this  case,  currents  in  A  and  C  remain  as  usual  120"  uui  of  phase  with  each  other 

Current  in  each  phase  -  400/100  =  4  A 

Power  consumption  in  both  =  2  x  4"  x  100  m  3200  W 

(orP  =  2  x  4  x  400  =  3200  Wj 
In  tfiis  case,  when  one  resistor     disconnected,  the  power  consumption  is  reduced  by  one- 
third 

K.Yiimplf  19.21.  A  200-  \,  .?-  *  voltage  is  uppiied  in  a  balanced  A-cunnet  led  IlkiiI  con.\i\iinv:  <H 
lite  croups  of  fifty  60-W.  200-V  hunps  Calculate  pluise  and  line  currents,  phasiies  voltages,  power 
consumption  of  all  tamps  and  of  a  \ingte  tump  ine tutted  in  eark  phase  for  the  following  cases  ', 

la)  under  nnrmnt  vnnditintis  of  operation 

Ibi  after  blmvoui  in  line  ft' ft  frJ  after  bhwut  in  plutsc  YB 

Neglect  tmpedanies  of  the  late  and  internal  resistances  of  Uu  sources  of  e.ircf. 

Solution.  The  load  circuit  is  shown  in  Fig.  19.31  where  eik.h  lamp  group  is  represented  by 
two  lamps  only.  I(  should  be  kept  in  mind  that  tamps  remain  at  the  line  voltage  of  the  supply 
irrespective  of  whether  the  A-connected  load  is  balanced  or  not. 

(a)  Normal  operating  conditions  [Fig.  19.31  (a)] 

Since  supply  voltage  equals  the  raicd  voltage  of  the  bulbs,  the  power  consumption  of  the 
limps  equals  their  rated  wattage 

Power  consumption/lamp  =  60  W;  Power  consumption/phase  =  50  x  60  =  3,0<M)  W 
Phase  current  =  30007200  -  15  \  ;  Lire  current  =  15x^3  =  26  A 
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(b)  Line  Blowout  JFig.  19.31  (*>)] 

When  blowoul  occurs  in  line  ti,  the  lamp  group  of  phase  Y-B  remains  connected  across  line 
voltage  ^ifl  =  Ky  However,  tbe  [amp  groups  tit'  other  two  phases  get  connected  in  series  across 
ihc  same  voltage  V  .  Assuming  thai  lamp  resistaces  remain  constant,  voltage  drop  across  YR  = 
V    20CS/2  =  100  \  and  that  across  RB  =  100  V 

Hence,  phase  currents  arc  as  under  : 

In  -  3000/200  =  15  A,  IM  =  ?m  -  15/2  =  7,5  A 

The  line  currents  are  : 

Power  in  phase  YR  =  100  x  7 J  =  750  W;  Power/lamp  =  750/50  =  15  W 
Power  in  phase  YB  -  2lXi  *  L5  =  3000  W  ;  Power/lamp  -  3000/50  =  *•  W 
Power  in  phase  HE  =  100  x  7.5  -  750  W  ;  Power/lamp  =  750/50  =  IS  W 


Normil  Operation  Line  Blowuui  Phast  Blowoul 

W  G>)  fc> 

Fig.  19J1 

i<  \  Pliaw?  HUmoul  [Fig.  19,31  U-)} 

When  fuse  in  phase  Y-B  Wows  out,  the  phase  voltage  becomes  zero  (though  voltage  across 
the  upen  remains  200  V).  However,  the  voltage  across  the  other  two  phases  retnains  the  same  as 
under  normal  operating  conditions. 

Hence,  different  phase  currents  are  : 

I fn-  *  IS  A,  lglt  alS  A,  lrB  =  <l 

The  line  currents  become 

rxk=l5S^26A,  lYr  =15^^=  ISA 
Power  in  phase  RY  =  200  x  15  =  3000  W,  Power/lamp  =:  3000/50  -  «  * 
Power  in  phase  J(B  =  200  x  15  =  3000  W.  Power/lamp  =  3000/50  ^  6ll  1* 
Power  in  phase  YB  =  0;  power/lamp  =  0. 

Kxumplc  1*1.22.  The  had  connected  w  a  i  phase  supply  comprises  three  similar  t.vih  <  t»t- 
nected  tk  aim  tkf  hue  currents  are  25  A  unit  the  k  \  A  and  kW  inputs  arr  20  and  I i  respectively,  r'mti 
the  line  and  phase  vidm^es,  the  kVAR  input  and  the  resistance  and  reactance  of  each  coil 

If  the  mils  are  nan  connected  in  delta  tt.<  the  same  three-phase  supply,  calculate  the  line 
currents  and  the  ftmcer  taken. 

'vjlullaiL.  Star  Connection 

cos  4*  I  W/kVA  =  11/20  tL  =  25\  P  =  I  i  kw  =  1 1 ,000  W 

Now        P=  &  VLIt  cos*  11,000=^x^x  25  0+11/20 

VL  =  462  V;  =  462/^3  =  267  V 

WAR  =  VkVA:  -ltW1  =  J~VY  - 1 1 '  =  1 6.7  ;        =  267  /  2  -  10.68 
.-.  Rpj,  =  Zpf,  x  cos  fl»  — 10.6&  x  1 1/  20  =  5,S7  Q 
...        =      x  sin*  =  10,68  x  0.&38  =  897  Q 
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vpk  =     =  462  V  and       »  1 0.68  Q 

1^=  462/ 10.68 A  tL  =73  x462/10.68  =  75  A 

/>  =  1/3x462x75xll720=J3.W»  XV 

Example  l*>23.  \  '  /i/nnc.  star-cameetetl  system  with  23U  V  between  each  plutse  ami  neu- 
tral ftm  resuuuicei  of  4.  5  and  6  £1  rrspectively  in  the  three  phasa.  fWtaufr  the  current  fh>wmx 
m  each  phase  and  the  neutral  current.  Find  the  total  power  alhwrbed.   1I.E.E.  London > 

Solution.  Here,  V    =  230  V  [Fig. 
19.3:  la)] 

Current  in  4-f.l  resistor  -  23(V4 

=  57.3  A 
Current  in  5-0  resistor  =  23CKS 

=  46A 

Current  in  6-  £1  resistor  =  230/6 
=  .38.3  A 


iJJA 


46A 


Fig.  j<U2 


These  currents  are  mutually  displaced  by  1 20°.  The  neutral  current  /  is  the  vector  mm*  of 
these  dinee  currents,  iN  can  he  obtained  by  splitting  up  these  three  phase  currents  into  their  X- 
components  and  /-components  and  then  by  combining  them  together,  in  diagram  19.32  (b), 

X-component  =  46  cos  30°  -  3S.3  cos  MT  =  6,64  A 


/--component  =  57.5-46  sin  30"  -  38J  sin  30°  =  15.3  A  .:  /,v  ■  V6.A4:  +  I5JJ  =  16.71  A 
The  power  absorbed  =  230  (57.5  +  46  +  38.3)  =  32.610  W 

Example  19.24.  A  I-phase,  4-wire  svstem  supplies  power  at  4QQ  V  taut  li^hlinv  at  230  V  If 
the  lumps  in  use  require  70.  S4  and  33  A  in  each  of  the  three  lines,  wimt  should  he  the  current  in 
the  neutral  wire  ?lfa  3-piutse  molar  is  mmr  started,  toling  200  A  from  tltr  line  at  a  power  factor 
of' 0.2.  wlutt  would  be  the  current  in  each  line  ami  the  neutral  current  ?  Fin  J  also  the  total  power 
supplied  tu  the  lumps  and  the  mator.  1  h'Ject  Technolog).  Vligurh  Hni>.  19K5> 

Solution.  The  lamp  and  motor  connections  are  shown  in  Fig.  19.33. 


70A 


Neutral         lN  =45.7  A 
fa 

Fip.  19.33 


84A 


*  Some  writer*  dilate*  with  ilm-  M.iienicm  un  ihc  ^luuiid  tlun  acwvdtng  to  KinrhhrriT's  Current  Luw. 
«i  any  junction,     1^  +  ^  +  1(  +  1,,  ^  0      A       =  -  uK  +  Iy  +  y 

Hence,  accondinji  !u  thern.  iiurnenca]  wtluc  of  lN  \s  the.  same  but  its  phase  is  (.tunned  h\  !>'.n- 
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Wlit'n  motor  is  not  started 

The  neutral  current  is  the  vector  sum  or  lamp  currents  Again,  splitting  up  the  currents  into 
their  X-  and  K-componcnts,  we  get 

Jf-cornponcm  =r  84  cos  30°  -  33  cos  30°  =  44.2  A 
r^omponeni  =  70-84  sin  30"  -  33  sin  30°  ■  1 15  A 

=  ijui2  + 1 L52  =  45.7  A 
When  mm  or  i  s  started 

A  3-phase  motor  is  a  balanced  load.  Hence,  when  it  is  started,  it  will  change  the  line  currents 
but  being  a  balanced  load,  it  contributes  nothing  to  the  neutral  current.  Hence,  the  neutral  current 
remains  unchanged  even  after  start  inn  the  motor. 

Now,  the  motor  lakes  200  A  from  the  lines.  It  means  that  each  line  will  carry  motor  current 
(which  lags)  as  well  as  lamp  current  (which  >v  in  phase  with  the  voltage).  The  current  in  each  line 
would  be  the  vector  of  sum  of  these  two  currents. 

Motor  p.f.  =  0.2  ;  Bin  <b  =  0.9799      ...  from  tables 

Active  component  of  motor  current  200  x  0.2  ta  40  A 
Ucjciivc  component  of  motor  current  200  x  0.97W  =  1%  A 


(0  Current  in  first  line  ■  ^(40+ 70)1  + 1%3  -  224.8  A 
Ui)  Current  m  second  hue  =  ^(40  +  84)J  +196"  =  232  A 


(fjj'.i  Current  in  third  line     =  ^/[40  +  33):  +  196:  =  211».n  A 
Power  supplied  to  lamps    =  230  (33  +  84  +  70)  =  43.000  \V 

Power  supplied  to  motor  =  Ji  x  200  x  400  x  02  =  27,70(1  YV 


.  Star  and  Delia  connected  Lighting  Loads 
In  Fig.  I  V.34  (in  is  shown  a  r'-connecled  lighting  network  in  a  three  storey  house.  For  such  a 
load,  it  is  essential  il>  have  neutral  wire  in  order  to  ensure  uniform  distribution  of  load  among  the 
three  phases  despite  random  switching  on  and  off  or  burning  of  lamps,  [t  is  seen  from  Fig.  1934  (a). 


R  Y  B  N     rAfisirttnciii  Fusls 


_1rd  Floor 


-E=l- 


2nd  FJoo 


l-r  Ht>i" 


R  Y  B 


i — 

w*  2 

V 

2  t** 
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ihat  network  •.upplics  two  flais  on  each  floor  of  the  three  storey  residence  and  there  is  balanced 
distribution  til  lamp  load  among  the  three  phases.  There  are  house  fuses  at  the  cable  entry  into  the 
building  which  proicct  the  two  mains  against  short-circuits  in  the  main  cable.  At  the  flat  entry,  there 
are  apartment  (or  flat)  fuses  in  the  single-phase  supply  which  protect  the  two  mains  and  other  fiats  in 
the  same  building  from  short-circuits  in  a  given  building.  There  is  no  fuse  {or  .switch)  on  the  neutral 
win:  of  the  mains  because  blowing  of  such  a  fuse  {or  disconnection  of  such  u  switch;  would  mean  a 
break  in  the  neutral  wire.  This  would  result  in  unequal  voltages  across  different  groups  of  lamps  in 
case  they  hove  different  power  ratings  or  number.  Consequently,  filaments  in  one  group  would  bum 
dim  whereas  in  other  groups  they  would  bum  loo  bright  resulting  in  then  early  burn -t hi i. 
The  house- lighting  wire  circuit  for  A-connectcd  lamps  is  shown  in  f:ig.  1934  (h). 

19.12.  Power  Factor  Improvement 

The  heating  and  lighting  loads  supplied  I  mm  3-phasc  supply  have  power  factors,  ranging 
from  rti  unity  Km  moiui  luads  have  usually  low  lugging  power  faelors.  ranging  fmm  11.5  to 
0.9.  Sinclc-piKi'-i.''  motors  may  have  as  low  a  power  factor  as  0.4  and  electric  wedding  units  have 
even  lower  power  factors  of  0.2  or  03. 

kW  kW 

The  power  factor  is  given  by  cos$   or    kVA  =  

kVA  cos* 

VI  1000  JrVA 

In  the  case  of  single-phase  supply.  kVA  =  or  / —   ■      / «  kVA 

IIKHl  V 

^  ,  &vLh       ,      1000  kVA 

In  the  case  of  3-phase  supply  kVA  =   =^-=-  or  IL  =  — ==   .-.      /  «  fcVA 

1000  -J3  x  VL 

In  each  case,  the  kV'A  is  directly  proportional  to  current.  The  chief  disadvantage  of  a  low  p.f, 
is  that  the  current  required  for  «  given  power,  is  very  high.  This  fact  leads  to  the  following  unde- 
sirable results. 

»  j  •  I -urge  (*\  A  fur  given  amnonl  of  power 

All  electric  machinery,  like  alternators,  transformers,  swiichgears  and  cables  arc  limited  in 
their  current-carrying  capacity  by  the  permissible  lenipemuire  rise,  which  is  proportional  to  r, 
Hence,  they  may  all  be  fully  loaded  with  respect  to  their  rated  kVA,  without  delivering  their  full 
power  Obviously,  it  is  possible  for  an  existing  plant  of  a  given  kVA  rating  to  increase  its  earning 
capacity  {which  is  proportional  lo  the  power  supplied  in  kW)  if  the  overall  power  factor  is  im- 
proved te.  raised. 

ui)  Poor  >  ullage  regulation 

When  a  load,  having  allow  laggmg  power  factor,  is  switched  on.  there  is  a  large  voltage  drop  in 
die  supply  voltage  because  of  The  increased  voltage  drop  in  the  supply  lines  and  transformers.  This 
dhip  in  voltage  adversely  afiecLs  the  starting  lorqucs  of  motors  and  nci.esvit.Ui-s  expensive  voltage 
stabilizing  equipment  for  keeping  the  consumer's  vollagc  fluctuations  within  die  statutory  limits. 
Moreover,  due  to  this  excessive  drop,  healers  take  longer  time  to  provide  the  desired  heat  energy, 
fluotrscenl  lights  flicker  and  incandeseeni  lamps  Lire  run  -ti  bright  as  they  should  be.  Hence,  .ill 
supply  undertakings  try  to  encourage  consumers  to  ha\e  a  high  power  factor 

Kuunple  19.25.  A  5Q-\1\'A  IS-iV  i-0  aitcrnatm  supplies  full  load  at  a  lugging  power 
fantor  of  0.7.  What  wuuld  be  the  pervenut#e  increase  in  earning  capacity  if  the  power  factor  is 
mctvtued  la  0.95  ? 

Solution.  The  earning  capacity  is  proportional  to  the  power  (in  MW  or  kW)  supplied  by  ihe 
alternator. 

MW  supplied  at  0.7  lagging  =  50  *  0.7  =  35 
MW  supplied  .ii  0.95  lagging  =  Ml  *  0.95  =  47.5 
increase  in  MW  =  12.5 

The  increase  in  earning  capacity  is  proportional  to  12.5 
.'.Percentage  increase  in  coming  capacity  =  { 1 2.5/35)  x  100  =  35.7 

19.13.  Power  Correction  Equipment 

The  following  equipment  is  generally  used  for  improving  or  correcting  the  power  factor  : 
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in  Synchronous  Motors  lew  unpad  tors  I 

These  machines  draw  leading  kVAR  when  they  are  over-eached  and,  especially,  when  they 
are  running  idle.  They  ore  employed  for  correcting  the  power  factor  in  bulk  and  have  the  special 
advantage  that  the  amttunt  of  correction  can  be  varied  by  changing  their  excitation. 

Hi)  Static  Capacitors 

They  are  installed  to  improve  the  power  factor  of  a  group  of  ax  motors  ami  are  practically 
loss-free  (i.e.  they  draw  a  current  leading  in  phase  hy  90°).  Since  their  capacitances  are  not  vari- 
able, they  tend  to  over- compensate  on  light  loads,  unless  arrangements  for  automatic  switching  off 
the  capacitor  bank  arc  made. 

I  in)  Phase  Advancers 

They  are  fitted  with  individual  machines. 

However,  it  may  be  noted  that  the  economical  degree  of  correction  to  be  applied  in  each 
case,  depends  upon  the  tariff  arrangement  between  the  consumers  and  the  supply  authorities. 

Example  19.26.  ,\  .f  phase.  37 J  k\V.  440  V,  50-Hz  induction  motor  operate*  on  jut!  load 
with  tin  efficients  W  W-t.  ami  at  ti  power  factor  of  0.85  fagging.  Calculate  the  total  kVA  rating  of 
capacitan  required  to  raise  the  full-load  power  factor  at  (195  lagging.  What  wit!  he  the  capaci- 
tance per  phase  if  the  capacitors  are  lit)  delta-connected  and  (hi  star-connected  ' 

Solution.  It  is  helpful  to  approach  such  problems  Irom  the  'power  triangle*  rather  than  from 
vector  diagram  viewpoint. 

Motor  power  input  P  =  37.3/0.89  =  41.191  kW 

Power  Factor        (lag I 

cos<|>f  =  0.85:«,  =cos_1  (0^5)=  3L8°:tan»|  =  tan  3 1.8°=  0.62 

Motor  kVARj  -  P  tan     =  41.91x0.62  -  25.98 

Power  Factor  0.95  I  lag) 

Motor  power  input  P  =  41.91  kW  ...  as  before 

li  is  the  same  as  before  because  capacitors  arc  loss-free  i.e.  they  do  not  absoto  any  power. 
cos(|)2  o  0.95     9]  =  18.2":  tan  1 8.2°  =  0.3288 
Motor  kVAR,  =  P  tan  03  -  41.91  x  0.3288  =  13.79 

The  difference  in  [he  values  ot  kVAR  is  due  to  the  capacitors  which  supply  leailing  WAR  to 
ptiiuaiiy  neutralize  the  lagging  kVAR  of  the  motor. 


Fig.  ISL35 

t\  leading  kVAR  supplied  bs  capacitors  is 

=  kVARj  -  kVAR,  =  25.98  -  13.79  =  1X19    ...  CD  in  Fuig.  19.35  (6) 
.Since  capacitors  are  loss-free,  their  kVAR  is  the  same  as  kVA 
/.  kVA/capacitor  =  12.19/3  =  +063    .-.  VAJVcapacitor  »  4.063 

(a)  In  A -connect  ion,  voltage  across  each  capacitor  is  440  V 
C  urrent  drawn  by  each  capacitor  /r  -  4063/440  -  9.23  A 
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/.-=  —  =  ■ 


>fr     1 1  toC 


taVC 


C  *lti  mV  =  9.23  /2jix  50  x  440  =  66.8  xlO^F  =  66,8  uF 
(fr)  [n  star  connection,  voltage  across  each  capucitur  is  =  440/^/3  vail 

4063 


Current  drawn  by  each  capacitor.  /(  - 


440/73 


=  16.0  A 


i(  =—  =wVC 


or         !6  =  -;=-x2]tx50xC 

C  =  200.4  x  10"*F  --  200.4  uF 
Not*.  Suit  value  tn  ihree  times,  ihe  delta  value. 

Fxumpie  19.27.  If  the  motor  ut  Fxample  lv?4  n  supplied  through  a  cable  of  resistance 
0J)4  Q  per  rant,  calculate 

(i)  the  penentage  reduction  in  cable  Cu  loss  and 

Hi)  the  additie'Hiil  Indaucvd  H-jhiim;  loud  which  rite  cubic  can  supplv  when  tlw  capacitors 
Oft  connected. 

Solution.  Original  motor  kVA,  =  /'/cos  0,=  4!  91/0.85  =  49.3 


Original  line  current,  lL1  — 


l 

xiooo  493x1000 


=  64.49  A 


v/3  x  440  V^x440 
.-.  Original  Cu  Loss/conductor  =  M.692  x  0.04  =  167.4  W 

From  Fig  .  19.34.  it  is  seen  thai  ihe  new  kVA  i.f.kVA,  when  capacitors  tire  connected  is 
given  by  WAj  a  kW/cos  $2  =  41.91  /0.95  =  44"  1 2 

.  44.120 

>L1~ 


New  line  current 
New  Cu  loss 


(/)  .■.  percentage  reduction  m 


=  57£9A 

V3x440 


-  57.89Jx0.tM  =  134.1  W 
167.4-134.1 


167.4 


x  H>0  =  |9.9 


The  total  kVA  which  the  cable  can  supply  is  49.3  kVA.  When 
the  capacitors  arc  connected,  the  kVA  supplied  is  44  I  2  at  a  power 
factor  of  0.94  lagging.  The  lighting  load  will  be  assumed  at  unity 
power  factor.  The  kVA  diagram  is  shown  in  Fig.  19.34.  We  will 
tabulate  the  different  loads  as  follows.  Let  the  additional  lighting 
load  be  x  kW. 


I  iK.  I9,W» 


Load 


kVA 


CQS0 


sin  6 


WAR 


Motor 

Capacitors 

Lighting 


49.3 
12.19 


0.85  lag 
0  lead 

1,0 


41.91 
0 
x 


0.527 
1.0 

0 


-25.98 
+  12,19 
0 


1.91  +  x) 


From  Fig.  19.36  it  is  seen  that 

AF  =  41.9l+.i  and  FF  =  I3.7«  AF  =  resultant  kVA  =  49.3 

Also  AF1  +  EF1  =  A&  at  {41.91  +  xf  +  13-792  =  49J3  ,\  x  =  S.42  kW 

Example  19.28.  Fhree  impedance  coils,  each  having  a  resistance  of  20     and  a  reactance 

of  /5fl .  iw  connected  in  star  to  a  400- V,  394%  supply.  Calculate  it)  the  line  current  fSJ 
pnncr  supplied  and  (iut  the  power  factor. 

If  three  capacitors,  each  nj  the  same  capacitance,  are  connected  in  delta  to  the  .same  supply 
so  as  to  form  parallel  circuit  with  the  above  impedance  coils,  calculate  the  capacitance  0/  each 
capac  itor  to  obtain  a  resultant  pitwer  factor  of  Q.Q5  Utgging. 


f>44  Electrical  Technology 

Solution.       l',,r  -  1001  J$V. Zph  =  ^2n2  +  \52  =  25il 

cos*,  =Rfb\Zph  =20/25  =  0.3 lag;*,  =0j6  bg 

where  *t  is  ihe  power  facror  angle  of  the  coils. 
When  capacitors  are  no!  connected 

(0       =400/25x^3  =924 A  :JL  =  9J4A 

(if)  p  =  &  vLlL  cos*,  =  &  x  400  x  9.24  xD8  =  5.120  W 
{Hi)  Power  factor  =t  0,8  (lag) 

.-,  Motor  VAR,  =  SvLlL  sin*,  =  VSx  400x924 x0.fi  =  3,840 
When  capacitors  are  connected 

Power  factor,  cos*;,  =  0.95.  *2  =  J  8-2°  :  tan  18.2*  =■  0.3288 

Since  capacitors  themselves  do  not  absorb  any  p»iwlt.  power  remains  ilie  muik  k  5.120  W 
even  whin  capacitors  are  connected.  The  only  iJiing  thai  changes  is  [he  VAR. 

Mow  VAIL,  a  f  tan*3  h  5120  x  0.3288  *  1684 
Leading  VAR  supplied  by  the  three  capacitors  is 

=  VAR  -  VAR,  -  3840  -  1 684  =  2 1 56  BD  or  CE  in  Fig  19.3?  CM 
VAR/  Capacitor  -  2156/3  =  719 

For  delta  connection,  voltage  across  each  capacitor  is  400  V      ff  =719/400  m  1,798  A 


Fig.  19J7 

Also  K  ~  =  <oVC  :.  C  =  1.798 /  n x  50 x 400  =  14.32 xIO^F  =  14 32  fiF 

/  /  taC 

1^.14.  Parallel  Loads 

A  combination  of  balanced  3 -phase  loads)  connected  in  parallel  may  be  solved  by  any  one  of 
the  following  three  methods  : 

1.  AN  the  given  loads  may  be  converted  into  equivalent  A- loads  and  then  combined  together 
according  to  the  law  governing  parallel  circuits. 

2.  All  the  given  loads  may  be  converted  into  equivalent  y  ioads  and  treated  as  in  11)  above. 

3.  The  third  method,  which  requires  less  work,  is  to  work  in  terms  of  volt-amperes.  The 
special  advantage  of  this  approach  is  that  voltameters  can  be  added  regardless  of  the  kind  of 
connection  involved.  The  real  power  of  various  toads  can  be  added  arithmetically  and  VARs  my  he 
added  algebraically  so  that  total  voltamperes  are  given  by 

VA  =  t}w1  +VAit2    or  S^^P^^+Q1 
where  P  is  the  power  in  water  and  Q  represents  reactive  voftamperes. 
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Exaniplv  JV.2y.  For  the  ptnvtr  distribution  ^ \r.  /?j  shown  in  Fi?>.  IV. 38,  find 

{a)  total  apparent  power,  power  factor  and  magnitude  of  the  total  current  I   waluiut  the 

eapacitor  in  the  system 

ibi  the  capacity  i,  i.VAh's  that  must  be  supplied  hy  C  to  raise  the  power  factor  of  tin'  ivstem 

to  unity  i 

(r)  the  cafracttancr  t  mevessary  to  achieve  the  power  correction  in  part  lb)  above 
uh  total  apparent  power  und  supply  current  I  tijter  the  power  factor  correction, 
Soliiiimi,  *<t\  We  will  uk  iJk-  inductive  i.e.  lagging  kVARs  as" negative  and  capacMve  Le. 
leading  kVARs  as  positive. 

Total  Q  =  -  16  +  6  -  12  --22  WAR  flag):  Total  P  -  30  +  4  +  36  =  70  kW 

ft  apparent  power  s  =  V(-22)z  +70z  =  73j4  kVA;  pi.  =  cos  *  =  P/S  =  70/73.4  =  fl.95 

S  =  Wr  or  73.4x  103  =  4UOx/r  ,-.  lT  =  1B3.5  A 
ffij  Since  total  lagging  kVARs  an;  -  22,  hence,  for  making  (he  power  factor  unity,  22  leading 
kVARs  must  be  supplied  by  I  be  capacitor  to  neutralize  them.  In  thai  ease,  total  Q  =  t)  and  S  =  P 
and  p.f.  is  unity. 

[rl  If  /f  is  the  current  drawn  by  ihe  capacitor,  then  22  x  I0J  =  400  x  /c 
Now,  £  =  V/Xf.  -  KtoC 
■  400x2*  x50xC 
A  20x10'  =4O0x{4O0x2Jtx50xC>: 


.-.  C  =  4*3  uF 

Ml  Since  0  =  0, 

hence,  £  =  VlOJ+703  =  70  kVA 
Now,  W,  =  70x10'  ; 
/T  =  70xlOJ/400  -  175  A. 


5Mw 


I«IVM  


r.LVAi<ikMdi 
It  ft 


Fig.  19JW 


It  would  be  seen  thai  after  the  power  correction,  lesser  amount  of  curreiu  is  required  to 
deliver  the  same  amount  of  real  power  to  the  system. 

Example  I9_30.  A  symmetrical  J-phaxe,  3-wire  nippfy  with  a  line  voltage  oj  173  V  -.applies 
two  balanced  3-phase  loads:  one  Yconnected  with  each  hranch  impedance  equal  to  (f>  +  jUl  ohm 
and  the  other  C  onnected  with  each  hranch  impedance  equal  to  (Ifi  +  )Z4)  ohm.  Calculate 

tt)  the  magnitudes  of  branch  currents  htke<:  Jn  ,(ich  i-phu\e  load 

(if)  tin  m.iyntfude  of  the  total  tine  current  attd 

(«>")  the  pov,tr  factor  of  the  enttir  load  circuit 

Draw  the  phasor  diagram  of  the  ealta/tex  and  currents  for  the  two  load*. 

1  Fleet.  Engtnwriii"-!,  Ko nihil >  l  iiiv.  19H7> 
Solution,  The  equivalent  >-load  of  the  given  A-load  (Art.  19  10)  is  =  118  +  /24V3  =  (6  +  /8>  £1. 
With  this,  the  problem  now  reduces  to  one  of  solving  two  equal  K-loads  connected  in  parallel 
across  the  3-phase  supply  as  shown  in  Fig,  I9J9  (a>  Phasor  diagram  for  the  combined  load  for 
one  phase  uiiJy  is  given  in  Fig.  19-39  Kb). 
Combined  Eoad  impedance 

=  f6+J8>/2  =  3+/4 

=  5Z53.1a  ohltl 


Let 


=  2UZ  -  53.1°  & 


5Z53.1 

Current  in  each  load  =  \ty^  -53,1  A 
"i  hranch  current  taken  hy  each  load  is  lit  A;  00  line  eurrent  is  211  \; 
{Hi)  combined  power  factor  =  cos  53. 1°  =  0.6  flag). 


».s-K'.fe 
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I'Mimpk-  19.31.  Wurt  identical  impedances  of  30Z  30 '  citutivctetl  in  detrn  tt>  n  J 

phase.  3-wirc,  208  V  vail  abc  system  by  conductors  which  have  impedances  of  (0.8  +  j  0.63)  nhm. 
Find  thi>  magnitude  of  the  line  voltage  at  the  load  end. 

(Elect.  Ehrk.  Punjab  Univ.  may  JWOi 
Solution.  The  equivalent  Zv.  of  ibe  given  7,±  is  30Z3O/3  =  I0Z3O"  =  (H.W  +  j?).  Hence, 
ihe  litad  connections  become  as  shown  in  Fig.  19.40. 

ZaH  =(0.8+  ,/0.6)  +  (&8&+/5) 
=  9.66  +  ;56  =  11.I6Z30.1D 

v«  =Vf*  «  120  V 

I  li  V-B  =  I20ZO» 

/„  =  IZOZO'VI  I.I6Z30,r=  i0.75Z-30.1D 

Nov.;         Zm  =  0.8+;0/i  =  lZ3fi.9c 
Voltage  drop  on  line  conductors  is 

V£  =  =  10.75/1 -3ai°xlZ36J9°=  10.75Z6.8D=  10.67 +  ;I27 

C  =  V„  -  Vm  =  {120+yOl  -{10j67  +  /t27)  -  J09.3ZZW* 
Kxaniple  I9J12.  A  balanced  delta-connected  lotui  Itaving  an  impedance  Z(  -  \ MXi  +■  jl/0) 
ohm  in  each  phase  is  supplied  from  4QQ-V.  $-phase  supply  through  a  J-phase  line  tmving  an 
impedance  of '2  *  {4  +  jSt  ohm  i/i  itnh  phase  Find  the  total  power  supplied  to  tin  h tad  as  well 
as  the  current  tittd  voltage  in  each  pluise  of  the  load. 

(Elect.  Circuit  Theory,  Kerala  tfafc  19H8j 

Notation.  Flu;  equivalent  1 -load  ol  ihe  piven  .i-load  is 

=  (300+;210)/3  =  (l(X)+i70tQ 
Hence,  connections  become  as  shown  in  Fig.  19,41 
Z'ao  =  (4  +  j"8)  +  (10Q+  j70)=  104+  j78  =  1 30Z36.90 

=400/^3  =  23IK,  Let  V^  =  231ZQC 


Fia.  i<Mn 


/;0  -  23  IZ0°/130Z36.9°=  I78Z  -  36.9° 


h'o  Q~} 


Now,  Z'M  =  (4  +  jK)  =  8.94Z63.40 
Line  drop  C  =  =  1.78Z -36.9°x8.94Z63.4  =  15.9Z26j5d=  14-2  + j7.| 

=V^  -V^  =f23l  +  /0)-f142+/7.«j 

=  (216.8-  ;7.!)  =  2lcS.9Z-lD52' 
Phase  voltage  at  load  end,  V  =  2 1  r>.9  V 
Phase  current  at  load  end.  lMt  =  L7H  A 
Power  supplied  to  load  ^  3  x  1.782  x  100  =  951  VV 

Incidentally,  line  voltage  ut  load  end  V   =  2  lt>.9  M  J$  m  375.7  V" 


nB.  I 'Ml 


*  It  <ihould  be  noted  dim  nual  line  drop  is  nut  the  numerical  sum  ui  the  individual  line  dniff.  because 
ifiey  are  [20*  out  dl  phase  with  Mi  other  By  u  laborious  process  V^,  =  V^  rrIRL  -  V^ 


Volyphait  Circuit  s  to47 

l.xumplv  1933.  .1  lur  connected  ttxut  having  R  m  42.6  ohms/ph  and  Xf  -  32  ohms/ph  is 
umnected  acrvss  4<X)  V  J  phase  supply,  calculate. 

{:)  Ijne  current,  reactive  power  and  power  loss 
tM)  Ijne  current  whenone  of  toad  becomes  open  circuited. 

jNagpur  University,  Summer  2(KII  I 

Stihilinil. 

U)  Z  =  42.6  +  j32 


IZI  =  53.28  ohms.  Impedance  angle,  e  =  cos 


1. 53.28  J 


80 


4.336  amp 


0  =36.9* 

Line  Current  a  phase  current,  due  to  star-connection 

Voltage  /phase  _mu_S 
Impedance/  phase '  53.28 

Due  to  the  phase  angle  of  36.9'J  Jagging. 
Reactive  Power  for  the  three-phases 

=  3  V   I   Sin  4  =  3x231x4336x0.6  =  1803  VAR 

I*  ph 

Total  Power-loss  «  3       !_  Cos       3x231x4336x0.8  =  2404  watts 

j*  pi 


4QQ  V    4rHl  V 


;  \ 


42.0 


Fig.  (a  I 

{/ij  One  of  the  l^oads  is  opeo-crrcuued. 
The  circuit  is  shown  in  Fig  14.42  ib). 

Between  A  and  B.  the  Line  voltage  of  400  V  drives  a  current  through  two  "phase-imped- 
ances" in  series. 

Total  Impedance  between  A  and  B  =  (42.6  +  j  32)  x  2  ohnis 
Hence,  the  line  current  I  tor  the  two  Lines  A  .mil  H 


400 


-  3.754  limp 


Not* 


2x53-25 

Third  Line  'C  does  not  cam'  any  current. 

Example  1 934.  TJtree  rum-inductive  resistances, 
etch  '•'  i<k>  nhiLS.  are  connected  in  slur  u>  a  three- 
phase.  440-V  supply-  Three  inductive  ctiiis.  each  of 
reactance  ItH)  ohns  connected  in  delta  are  also  con- 
nected to  the  supply.  Calculate;  HI  Ijnr-cum'nts.  and 
(U)  power  factor  of  the  system 

JNagpur  University,  November  1998 1 

(A i  One  phase  open  circuited 
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Solution,  (a)  Three  resistances  are  connected  in  star.  Each  resistance  is  of  IU0  ohms,  and 
254  -  V  appears  across  it.  Hence,  a  current' or  2.54  A  flows  through  the  resistors  and  the  con- 
cerned power- factor  is  unity.  Due  to  star-coruiectiorL. 

Liite-Lurrcm  =  Phave-current  =  2.54A 

( Jfa>  Three  inductive  reactance  are  delta  connected 

Line- Voltage   =  Phase.  -  Voltage  =  440  V 

Plia.sc  Current  =  440/ 100  =  4.4  A 

Line  current    =  L732  x  4A      m  7.62  A 

The  current  has  a  /em  lugging  power-faetor. 

Tuial  Line  Current  =  2.54  -  j  7.62  A 

=  8.032  A,  in  each  of  the  lines. 

Power  factor  =  2  54/8.032  =  032  Lag. 

2.54  A 


Fir.  19.43  * 

Example  1935.  The  dettaconnected  generator  of  Fig  19.44  Iulx  the  voltage:  V    =  220 
SL  VY^220  /-I2(T  and  VBff  =  220  /~240°  VitUx. 

The  liuid  is  btdanerd  and  drttu-atwteilfd,  Find. 

(a  I  Impedance  per  pha\e.  (hi  Current  (ter  phase,  (c)  Other  line  -  atrtrttis  I  and  I  . 

[Nagpur  University,  November  1997] 


Fig  14.4-4  (at 


6 

Rfe  IM<  it>i  Fis-  19.44  ir | 
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Solution.  Draw  phasors  for  voltages  as  mentioned  in  the  data.  VRy  naturally  becomes  a 
ret'erence-phasor,  along  which  the  pha&or  I  also  must  lie*  as  shown  in  Ftg-  1°.44  (h)  &  (c).  L  is 
the  line  voltage  which  is  related  to  the  phase-currents  lRy  and  -  L^.  In  terms  of  magnitudes, 

1^  =  11^1  =  0^75  =  io,  S  -5.8  Amp 

Thus,  1RV  leads       by  30°  This  can  take  place  onh  with  a  series  comhrnatinn  of  a  Resistor 
and  a  capacitor,  as  the  simplest  impedance  in  each  phase 
(a)  IZI  =  220/5-8  -  38. 1  ohms 
Resistance  per  phase  =  38.1  x  cos  30"  =  33  ohms 
Capaciuve  Reactance/phase  =  38.1  *  Sin  30"  -  19.05  ohms 
ifri  Current  per  phase  =  5.8  amp,  as  calculated  above. 

(c)  Otherlbie  currents:  Since  a  symmetrical  three  phase  system  is  being  dealt  with,  three 
currents  have  a  mutual  phusc-differEncc  of  \2(T.  Hence 

IR  =  10  z  0"  "s  given.  ly  =  10  Z  -  120°  amp  1B  =  10  z~  240"  amp. 

Example  19  J*.  .4  balanced  .< -phase  slur -connected  load  of  8  +  j  6  ohms  per  phase  is 
connected  to  a  three-phase  2J0  V  supply  Find  the  Line  ■current,  pawer-factor,  active  ptmvr,  reac- 
tive-power.  and  total  volt-amperes. 

| Rajiv  Gandhi  Technical  University.  Bhopal.  April  MM]  | 
Solution.  When  a  statement  is  made  about  three-phxse  voltage*  when  not  mentioned  other- 
wise, the  voltage  is  the  Line-lo-Lme  voltage.  Thus,  230  V  is  die  Line  voltage,  which  means,  in 
star-system.  Phase- voltage  is  230/1,732,  which  comes  to  132.8  V. 


m  -  vV+62  =  10  ohms 

Line  current  =  Phase  current 

m  132.8/10=  13-28  amp 

Power  -  factor  =  R/Z  =  0.8.  Lagging 

Total  Active  Power  =  P  =  J  .732  x  Line  Voltage  x  Line  Current  x  Pi. 

Or  =  3.  Phase  Voltage  x  Phase-current  ie  P.f    |  13.28  A. 

s  3  x  132.8  k  13.28  x  0.8  =  4232  wans  f-  A 

Total  Reactive  Power  =  Q  4«0  V     ^  9  j„ 

=  3  x  Phase-voltage  x  Phasc-curreni  x  Sin  <|>  i'> 

=  3  x  132.8  x  13.28  x  0.60  =  3174  VAR  ^<>^|6  V 

  T        t  .    J*  >  ■ 

Total  Voh-amps  =  S  =  Jp^  +  Q1  m  5290  VA  J  | 

C  , 

Or  S  =      X230x  13.28  -  S*»  VA  *H.  *# 

Example  19.37.  A.  balanced  three-phase  star  connected  load  of  10ft  kW  takes  a  leading 
current  of  W)  amp.  when  connected  across  a  three-phase  1 100  V,  SO  Hz.  sttftply.  Find  tli*  circuit 
constants  tff  the  toad  per  phase.  [Nagpur  University,  April  1996J 

Solulion.  Voltage  per  phase  =  1 1 00/ 1. 732  =  635  V 
Impedance  =  635/TJ0  =  7.94  ohms. 
Due  to  the  Leading  current,  a  capacitor  exists. 
Resistance  R  can  be  evaluated  from  current  and  power  consumed 
3  I-  R  =  100  x  1000,  giving  R  =  5.21  ohms 


At  50  Hz,  C  =  1/(314  x  6)  =  531  microfarads. 


Xe  -  (7.94-1  -  5.21'/"  =  6  ohms 


n  50 
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Tuutorial  rVihlim  No.  IV.  1 

I.  Each  phase  nt  u  Jell a  con nccicd  load  comprises  a  resist™  of  50  Q  and  capacitor  of  50  p.  F  in 
scries  Calculate  iai  the  line  sad  phase  currents  (M  the  total  power  mid  ici  the  kilovultwnperes  when  tlie  load 
is  connected  Id  a  440- V.  3-phase..  50-Hz  supply  [fa)  ».46  \i  5.46  A  \t>\  +480  W  (el  7.24  kVAl 

2>  Three  similar -coils.  A.  B  and  C  ant  available  Each  coil  has  9  ft  resistance  and  12  12  reactance  They 
are  connected  ia  tkfta  to  a  3-phaae,  440- V.  50-H/  supply  Calculate  for  this  load; 
(a)  the  line  currcni  flH  tbc  power  faaor 

(c)  Ihe  total  kilovolt-ampere*  Ufi  die  tmal  kilowatts 

If  the  coils  are  reconnected  in  star,  calculate  for  the  new  load  the  quantities  named  ai  tu >.  tit);  ul  and 
(Jl  above. 

|50.7  A:  0,6;  3&6  kVA.  23.16  kW;  16.*  At  0.6,  I2JK7  kVA:  7.72  kW| 

3-  Three  "•titular  choke  coils  arc  connected  in  star  to  a  3'pfuisc  snppl;.  It'  the  line  currents  arc  15  A.  the 
iirtal  power  conuuncd  in  1 1  KW  and  ihc  soli-ampere  input  is  15  kVA.  find  the  line  and  phase  voltage*.  Ihc 
VAR  inpui  and  the  reactance  and  resistance  of  each  cdl.  |57T_3  V:  333 J  V;  10 J  kVAR:  15.1  ft;  lO  Q| 

4.  The  load  in  each  hranch  of  a  ddta-oonnected  balanced  .l-<t>  circuit  consists  of  on  inductance  of 
0.0318  H  in  series  with  a  resistance  of  10  ft.  The  line  voltage  is  41 K)  V  at  5(1  Hz.  Calculate  m  the  line  current 
and  (tit  the  total  power  in  the  circuit  [(0  49  A  lift  14  kW|  (London  Univ.  I 

5-  A  3-phasc.  del  la-connected  load,  each  phase  of  which  has  ft  -  10  (1  and  ,V  =  8  ft.  is  supplied  from 
i\  star-cnnneeied  secondary  winding  of  a  3-phasc  rransformei  cm.h  ph,".e  of  which  gives  2311  V.  Calculate 

(a)  the  currcni  in  each  phase  of  the  load  and  in  the  secondary  winding*  of  ihc  transformer 

(b)  the  total  power  taken  by  ihe  load 

(c)  the  power  factor  of  the  load.  |ta|  31.1  A:  54  A  (b)  29  kW  tel  0.781 
&  A  3-phase  load  consists  of  three  simitar  inductive  coils,  each  of  resistance  50  11  and  indikiancc  "  - 

K  The  supply  is  415  V.  50  Hz,  Calculate  (ul  the  hue  current  (/i|  the  power  factor  and  fri  the  total  power 
when  the  load  ia  if)  star-connected  and  uii  delta -connected. 

Hit  US  A,  0.47  lag.  763  W  <a'|  6.75  A.  0,47  btg.  2280  Wj  (London  Univ.) 

7.  Three  30  Q  nun-inductive  resistors  are  conncclcd  in  star  across  a  (hrce  phase  supply  the  line  voltage 
of  which  is  4Kii  V  Three  other  equal  non-inductive  resixton  are  connected  in  delta  across  ihe  same  supply  so 
as  to  take  the  same-line  current.  Whai  arc  the  resistance  values  of  these  other  tvsisiors  and  wtut  i-,  die 
currcni-  flowing  through  each  of  them?  |60  ft;  HA|  {ShfffitUi  Vniv  U.K.} 

8.  A  4I5-V.  3-phase,  4-wire  system  supplies  power  lo  three  non -inductive  loads.  The  loads  are  13  kW 
between  red  and  neutral,  30  kW  between  yellow  and  neutral  and  12  kW  between  blue  and  neutral 

Calculate  (a)  the  currcni  in  each-line  wire  and  ib)  the  current  in  the  neutral  conductor. 

|ial         A,  125  A,  5tt  A  tbi  4?  K\  (London  Univ.) 

fc  r^w-tnauctiwe  loads  of  10,  6  and  4  kW  arc  con  nee  led  between  ihc  neutral  and  ihc  red,  yellow  and 
blue  phases  respectively  of  a  Ihree-phasc.  four-wire  system  The  fine  voltage  is  400  V.  Find  ihe  current  in 
each  line  conductor  and  m  Ihe  neutral.  [<ai  433  A,  26 A.  173.  A,  22,9 \  tApp.  Flo  :  li>nAim  Univ.) 

lit.  A  three-phase,  star-connected  alternator  supplies  a  delta-connected  load,  each  phase  of  which  has 
a  resiMimcc  of  20  ft  and  a  reactance  of  10  ft  Calculate  (at  the  current  supplied  by  the  alternator  t^i  the 
outpui  of  ilie  allermiiui  in  kW  und  kVA,  neglecting  the  losses  in  the  lines  between  the  alternator  and  the  load. 
The  line  voltage  u  400  V.  [fol  30.95  A  Ibi  19.2  kW.  21.45  k\-\| 

I I .  Tlitcc  non-inductive  resistance*,  each  of  100  Q .  are  connected  in  star  to  3-phasc.  440- V  supply. 
Three  equal  choking  mils  each  of  reactance  100  Q  are  also  connected  in  delta  to  hie  same  supply.  Calculate: 

{at  line  ctmrni  ft)  p.f.  of  the  system.  |0t)  i.04  A  Ift)  fUI56t  (IFF  London) 

12.  In  a  j-phase.  4-wire  system,  ihere  is  a  balanced  3-phasc  motor  load  taking  200  kW  al  a  power 
factor  of  0.8  lagging,  while  lamps  connected  between  phase  conductors  and  the  neutral  take  50.  70  and  100 
kW  respectively.  The  voltage  between  phase  conductors  is  430  V.  Calculate  the  cuiretil  in  each  phase  and  in 
ihc  neutral  wire  of  the  feeder  supplying  the  ksuLfSU  A,  5X1  A,  6W  A;  2I3J  k)  (Elect  ftmn  London  Unh  ) 

I.V  ..\  J4t>-\  s«>-Hv  induction  mni'i  takes  .i  fine  cum-in  <■!  45  A  al  a  power  faster  ,il  US  l las-virtj? i 
Three  A-cofuiectcd  capacilors  are  installed  to  improve  Ihc  power  factor  to  0.95  flagging)  Calculate  the  kVA 
of  ihe  capacitor  hank  mid  ihe  capacitance  ol  each  cjipacilor,  IU.45  kVA,  62.7  U.F]  (LE.E.  London) 

14,  Three  mistances.  each  ul  500  ft.  are  connected  in  star  to  a  400-V.  50-Hz,  3-pliase  supply.  If  dtrce 
capacitors,  when  connected  in  delta  to  ihe  same  supply,  take  the  same  Ihie  currents,  calculate  the  capacitance 
of  each  capacitor  and  the  hue  current.  (2.123  p  Y,  0.653  Aj  (London  Univ.) 

If.  A  fjcii.r,  nt  -  ihc  follow mf  balanced  loads  from  a  440-V.  .'-phase,  50-H^  tupply 

<(Jt  a  lighting  hwil  ui  2tt  kW  ibt  a  contniuoua  inotot  load  Of  30  kVA  at  0.5  p.f.  lagguig 

(el  an  inicrmitienl  welding  load  of  30  kVA  at  0.5  p.f.  lagging. 

f'aloilatf  (he  kVA  raitng  sif  the  capacitor  bunk  reunited  m  improve  ihc  power  factor  of  loads  Id  I  and 
iru  together  to  unity  tiive  aKo  the  value  of  capacftor  required  in  each  phase  if  a  star-connected  hank  is 
e  mptoyed. 
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What  is  the  new  overall  p  f  if,  after  eurrctitun  has  been  applied,  ihe  welding  liml  is  .switched  <in 

(30  hVAR;  4Wiu  F;  0.945  kg] 

16,  A  ihiee-wirc.  ihrcc-phase.  system,  wiih  400  V  between  the  line  wires,  supplies  j  balanced  delu- 
cunnecied  load  taking  a  una  I  of  30  kW  m  U.8  power  factor  lugging.  Calculate  (0  the  resistance  and  (if) 

the  reactance  of  each  branch  of  the  load  and  sketch  a  vectnf  diagram  showing  the  line  voltages  and  line 
lurrcnls  If  the  power  factor  ol  Hit  system  is  in  lu-  raised  in  0.95  lagging  by  mesas  of  three  dcha-concctcd 
capacitors,  calculate  Hit)  die  capacitance  of  each  branch  assuming  the  supply  frequent")  to  be  50  Hz. 

[<i>  10J4  A  Ub  7.68  iJ  liirt  RJJ  (iF]  {London  Untv.\ 

19.15.  Power  Measurement  in  3- phase  Circuits 

Following  methods  arc  available  fur  measuring  power  in  a  3-phasc  load.  ^ 
idj  Three  Wattmeter  Method 

In  this  method,  three  wattmeters  are  inserted  one  in  each  phase  and  the  algebraic  sum  of 
their  readings  gives  the  Mial  power  consumed  by  the  3-phase  load, 
tb)  Two  Wattmeter  Method 

in  Tins  method  gives  true  power  in  the  3- phase  circuit  without  regard  to  balance  or  wave 
form  provided  in  the  case  of  Vconnected  load.  The  neutral  of  Ihe  load  is  isolated  from 
the  neutral  of  the  source  of  power.  Or  if  There  is  a  neutral  connection,  the  neutral  w  ire 
should  not  carry  any  current.  This  is  possible  only  if  the  load  is  perfectly  balanced  and 
there  are  no  harmonics  present  of  triple  frequency  or  any  other  multiples  of  that 
frequency. 

Hi)  This  method  can  also  be  used  for  3-phase.  4-wire  system  in  which  the  neutral  wire 
carries  the  neutral  current.  In  this  method,  the  current  coils  of  the  wattmeters  art- 
supplied  from  current  transformers  inserted  in  the  principal  line  w  ires  m  oidet  n-  del 
the  correct  magnitude  and  phase  differences  of  the  currents  in  ihe  current  ends  of  the 
wattmeter,  because  in  the  3 -phase,  4- wire  system,  the  sum  of  the  instantaneous  currents 
in  the  principal  line  wires  is  not  necessarily  equal  to  zero  as  in  3-phase  3- wire  system. 

i.  l  One  Waltmeter  Method 

In  diis  method,  a  single  waltmeter  is  used  to  obuun  the  tvu»  readings  which  are  obtained  by 
two  wattmeters  by  the  two-wattmeter  method.  This  method  can.  however,  be  used  only  when  me 
load  is  balanced. 

(9.16.  Three  Wattmeter  Method 

A  waltmeter  consists  of  it)  a  low  resistance  current  coil  which  i*  inserted  in  series  with  the 
line  carrying  die  current  and  fin  a  high  resistance  pressure  coU  whkh  is  connected  across  the  two 
points  whose  potential  difference  is  to  be  measured. 

A  wattmeter  shows  a  reading  which  is  proportional  to  the  product  of  the  current  through  its 
current  coil,  the  p.d.  across  its  potential  or  pressure  coil  and  cosine  ot  the  ande  Ix-iween  this 
voltage  and  current. 

As  shown  in  hig  lL>  4n  in  tins  method  tluce  wattmeters  are  inserted  in  each  of  ihe  Ihree 
phases  of  the  load  w  hether  A-cnnnected  or  r'-connected  The  current  coil  of  eaah  wattmeter  carries 
Lite  currem  ol  one  phase  only  and  the  pressure  cotl  measures  the  phase-voltage  of  thU  phase. 
Hence,  each  wattmeter  measures  the  power  in  a  single  phase.  The  algebraic  sum  of  the  readings  of 
three  wattmeters  must  give  the  total  power  in  the  load. 
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The  difficulty  with  ihis  method  is  dial  under  ordinary  conditions  it  is  not  generally  feasible 
id  break  mm  die  phases  of  a  deha-eonnected  load  nor  is  if  always  possible,  in  the  case  of  a  Y- 
eonnected  load,  Eoget  at  the  neulral  point  which  is  required  lor  cimnec! inns  ;is=  shown  in  Ftg.  14.47 
ib).  However,  it  is  not  necessary  to  use  three  wattmeters  to  measure  power,  two  wattmeters  can  be 
used  for  the  purpose  as  shown  bcluw. 

17.  Tw«  Wiillmrter  Mclhod-lUilunced  or  lintutUtncid  l  oud 
As  shown  in  Fig.  19.41,  the  curreni  coils  of  the  two  wattmeters  are  inserted  in  any  mi  Sines 
and  the  potential  coil  of  each  joined  lo  the  third  line.  Ji  can  be  proved  that  the  sum  of  the  instan- 
taneous lowers  indicated  by  W  and  W,  gives  the  instantaneous  power  absorbed  by  the  three  toads 
i, ,  L  and  £,t.  A  star-cuimeetetl  load  is  considered  in  the  following  discussion  although  it  can  he 
equally  applied  to  A-counectcd  loads  because  a  A-eounecled  load  eon  always  be  replaced  by  an 
equivalent  /'-connected  load,  x-. 


Fij>.  19.47 

Now,  before  wc  consider  ihe  eurreius  through  and  p.d,  across  each  wall  meter,  it  may  be 
pointed  out  that  it  is  important  to  take  the  direction  vf  the  vnttage  through  the  circuit  the  same  ax 
thut  taken  for  the  current  when  establishing  the  readings  of  the  two  wattmeters. 


Imttmtttneotts  current  through  IV, 
p.d.  across  Wf  m  e^ 
p.d,  across  power  read  by  W( 
instantanenu.t  current  through  W, 
instantaneous  p.d.  across 
instantaneous  power  read  by  9L 


=  c  —c 

K  B 


J 


Now, 


Kirchhoff  s  Current  Law 


is  +/r  -M'ff  =  0 
'*  +>y  h  -'a 

Of  *5  *  *S  ■  'fl-ffl  +        +  'n  ■     =  Pr  +     + 1>\ 

where  p  is  I  he  powei  absorbed  by  load  L  ,  pn  that  absorbed  by     and  p  that  absorbed  by  L.3 
Vt\  +  W2  =  total  power  absorbed 

The  proof  is  true  whether  the  load  is  balanced  or  unbalanced.  11"  die  load  >'-c< nine-: tod.  ii 
should  have  no  neutral  connection  \t.e.  3  -  0) ,  3-wire  connected)  and  if  it  has.a  neutral  connection 
(i.e.  3 — <)i ,  4-wire  connected)  then  it  should  be  exactly  balanced  so  that  in  each  case  there  is  no 
neulrat  current  iH  otherwise  KirehofTs  cument  Law  will  give  iN  +  f*  +  "y  +  to  =0. 

We  have  considered  ittsttwtaneous  readings,  but  in  fact,  the  moving  system  of  die  wattmeter, 
due  to  its  inertia,  cannot  quickly  follow  the  variations  talking  place  in  a  cycle,  hence  it  indicates 
the  average  power. 
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19.  !8.  Two  WaUmt'ter  Mclhad-Balanccti  Load 

If  the  load  is  balanced,  then  power  factor  of  the  load  can  also  be  found  from  the  two  Wattme- 
ter readings,  The  )' connected  load  in  Fig.  19,47  {b)  will  be  assumed  inductive.  The  vector  diagram 
for  such  si  balanced  K-cnnnected  load  is  shown  in  Fig.  19.48.  Wit  will  now  consider  the  problem  in 
terms  of  r.rn.j..  values  instead  of  instantaneous  values. 

Let  V  ,  V'.  and  V"  be  the  r.m.s.  values  of 
the  three  phase  voltages  and  iR,  t  and  f^the  r.m.s. 
values  of  the  currents.  Since  these  voltages  and 
currents  are  assumed  sinusoidal.  they  can  be  rep- 
resented  by  vectors,  the  currents  lagging  behind 
their  respective  phase  voltages  by  §  . 

Current  through  wattmeter  W  \F\g.  19.47 
(Ml  is  m  IK. 

KD.  across  voltage  coil  of  W  is 

Vfls  =  Vn-Vb  veetorially 
This  VR!j  is  foundby  compounding  Vtf  and 
V  reversed  as  shown  in  Fig.  19.42.  It  is  seen  that 


phase  difference  between  V'I,„and  /  =  (30* 

nfr  ft 

.-.  Reading  of  W  =  /       cos  (30* 


*> 

Similarly,  as  seen  from  Fig.  1 9.47  (b).  Current  through      =  ly 

P.D,  across  tV;  =  VY$  ~VY-Vf  ...  vectonally 

Again.       is  found  by  compounding  V  and  V  reversed  as  shown  in  Fig.  19.48.  The  angle 
between  ty  and  V^is  (30*  +  *  ).  Reading  of      =  W<fcos  (30°  +  *  ) 

Since  load  is  balanced,  V^s  Vyj  a  line  voltage  VL\  ly  -  'H-  line  current,  /£ 

=  vl'l  cos(30D-*)and  W2  =  VLtL  cos(30D+*) 
...  w,  +  W,  =  V1/Lcm(30,,-#}  +  VA/|i  t«»s(30-+*) 
=  V"t;L  [cos3fr  cos  *  +  si  n  30°  sin  0  +  cos  30*  cos  t  -  sin  ?rrsin  ^] 

=  Vi'L|2cosJG°cos4»  =  \/3VL/t  cos*  o  total  power  in  the  3-pbase  load 

Hence,  the  sum  of  (he  two  wattmeter  readings  gives  tile  lota!  power  consumption  in  the  3- 
phast  toad.  ' 

It  should  benotcd  that  phase  sequence  of  RYB  has  been  assumed  in  the  above  discussion 
Reversal  o|  phase  sequence  will  interchange  the  readings  of  the  two  wattmeters, 
19,19,  Variations  in  Wattmeter  Readings 

It  has  been  shown  above  that  for  a  lagging  power  factor 

wi  =  viJi  os(30D-<p)  and  Vf2  *  vyLcoa(30°+*i 

From  this  it  is  clear  that  individual  readings  of  the  wattmeters  not  only  depend  mi  the  food 
but  upon  its  power  factor  alxo.  We  will  consider  the  following  cases  r 
la)  When  4  =  0  i.e.  power  factor  is  unity  (i.e.  resistive  load)  then, 

W,  =Wj  =  V,ILco63Q° 
Both  wattmeters  indicate  equal  and  positive  i.e.  upscale  readings. 
ih)  When  9  =  60"  i.e.  power  factor  =  0,5  (lagging) 

Then  Wt  -  VJ.  cos  (30°  +  60°)  *»  0.  Hence,  the  power  is  measured  by  W  alone. 


654 


F.lcctricai  Technology 


(c\  When  90°  >  4  >  60°  te.  0.5  >  p.f.  >  0.  then  W,  is 
stiLJ  positive  bin  reading  ol  H ,  is  nmntid  Ikbewh  the  phase 
angle,  between  the  current  and  voltage  more  than  90°.  For 
getting  the  total  power,  the  reading  of  W2  is  10  be  subtracted 
from  ihui  of  Wf. 

Under  this  condition,  will  read  'down  scale'  f,e. 
backwards.  Hence,  to  obtain  si  reading  on  W.,  ii  is  necessary 
to  reverse  either  its  pressure  coil  or  current  coil,  usually  die 

Ail  readings  taken  offer  reversal  uf  pressure  coil  are 
to  be  taken  as  negative. 

(d)  When  $  =  W  {Le.  pure  inductive  or  eapacitive  load),  then 

W,  pp  VJL  kb(30d-90b)  =  VLlL  sin  30°; 

a  VLlL  cmfW + W )  =  -VLIL  sin  30° 
As  seen,  the  two  readings  are  equal  but  of  orjposite  sign. 


a 

V 

0° 

60" 

90' 

COS<)> 

1 

0:5 

0 

+ve 

+ve 

+ve 

+  ve 
W.  =  W, 

0 

—  VE 

Wi  +  Wl  =  0 


in  the  above  table  for  a  lagging  power  factor. 


The  above  facts  have  been 
1 9 JO.  I  ending  Power  Factor 

In  the  above  discussion,  tagging  angles  arc  taken  positive.  Now,  we  will  see  how  wattmeter 
readings  are  changed  if  the  power  factor  becomes  leading.  For  $  -  +  60"  (lag).  IV,  is  /era.  Bui  for 
♦  s  -  60°  (lead),  W,  is  zero.  So  we  find  thai  for  angles  of  lead,  the  reading  of  the  two  wattmeters 
Lire  interchanged  Hence,  tor  u  iritdi>\\>  power  factoi. 

wi  =  vJl  cost  30°+  40  and  w,  =  vLlL  cosCW-t) 

1921.  Power  Factor-Balanced  Load 

In  case  the  load  is  balanced  (and  currents  and  voltages  are  sinusoidal!  and  for  a  lagging 
power  factor 

+  W>  =  VL1 1  cosC30DHt>)  +  HA  cost 30°+4>)  =     VL/L  cos  <f  -  (0 

Similarly  Wj  -  W,  =  Vt/£  cos(30"H»  -  *t't  cos(30,j-h{>) 
^  Vt/i(2xsin*xI/2>=Vt/tHini? 


Dividing  (ii)  by  (i),  we  have  tan 


(fit) 


Knowing  tan  4  and  hence  $  ,  the  value  of  power  factor  cos  $  can  be  found  by  consulring 
the  trigonometrical  tables.  It  should,  however,  he  kepi  in  mind  that  if  W,  reading  has  been  taken 
after  reversing  the  pressure  coil  Le,  if  W  is  negative,  then  die  above  relation  becomes 


*  K>r  a  leading  p.l..  conditions  sir  j**  the  opposite  ot  »ru\,  In  thM 
"  For  a  Wading  power  factor,  tin*  eiprcsMon  becoom 

W  —  W  1 


w, -w. 


If,  read*  nc«j«vo  (Art  l!J.22) 


Art  19.22 


■ 
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Obviously,  inthis  expression,  only  numerical  values  of  and  IV,  should  be  substituted.  Wc 
may  express  power  factor  in  terras  of  the  ratio  of  the  iwo  watimelers  as  under: 

smaller  reading    W7  _ 
larger  reading  H', 
1  "I  it-ii  from  equation  (//;)  above. 

S[\-IW2/W,)\  V3(l-r) 


0.8 
06 
0.4 

i  o 

-0.6 
-0.8 
-1.0 


0.1 

1)3 

(J  J 

0.5 

"> 

0  3 

o.y 

i  ii 

H.nvt 

r  tsi, 

w. 

Cos 

[30  ' 

Cm 

OIL 

lamp  = 


1+r 


Now  sec'*  =  I  +  tan*<|> 
or  — —  =  l  +  tiui1^ 


cos  $ 

cos  $ 


j]  +  tan"  0 
1 


1+3 


w 

1  +  r 


If  r  is  plotted  agamsi  cos  o  >  then  a  curve  called  watt-ratio  curve  is  obtained  as  shown  in  Fig. 
19,49. 

Balanced  Load  -  leading  power  factor 
In  ihis  case,  as  seen  from  Fig.  10.5(1 


Vt/teoi,l30  +  $) 


and  W,=VLlLcas{m-$) 
:.        +  IV:  =  v/3Vt/t  cos  $  -  as  found  above 
Wi-W2=-VL/Lsin4> 


iano  = 


(W,+1V2) 

Obviously,  if  $  >  60°.  then  phase  angle 
belwecn  and.  I R  becomes  mure  lhari  W. 
Hence.  W  reads  'down-scale'  il  indicates 
negative  reading.  However.  IV,  gives  positive  read- 
ing even  in  the  extreme  ease  when  <{i  =  90°. 
1933.  Reactive  Voltampcrcs  with  T»i>  Wattmeters 


We  have  seen  that  tan  o  = 


v/idV.-VV,} 


Since  the  tangent  of  the  angle  of  lag  between  phase  current  and  phase  voltage  of  a  circuit  is 


(Wi  i  w.i 
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always  equal  to  the  ratio  of  the  reactive  power  to  the  active  power  (in  wall*),  il  is  clear  thai 
JjtWi  -  W,)  represents  ihe  reactive  power  (Fig.  19 SI),  Hence. 
Jur  .1  balanced  load,  the  reactive  power  is  given  by  ft  times  the 
difference  of  the  readings  of  the  two  wattmeter?  used  to  measure 
the  power  for  a  3-phnse  circuit  by  the  two  wattmeter  method  It 
may  also  be  proved  mathematically  as  follows: 

-  Ji(w,  -Wji^&ivji m»<30°-*) -  iy t  cok  oo<h»] 

=  & V,  It  (eos.W5  cos  9 + ftin  30°«in  4  -  cos  30°  as  $ + sin  30°  sin  0) 

19.14.  Reactive  Yn|  (amperes  with  One  Wiitlmeler 

For  this  purpose,  the  wattmeter  is  connected  lis  dmwn  in  Fig.  1 9-52  (ti)  and  (fc).  The  pressure 
cml  is  connected  across  Y  and  fl  lines  whereas  the  current  coil  is  included  in  the  R  line,  lit  Fig, 

19.4K  fcrh,  [he  current  coil  is  con- 
nected between  terminals  A  and  H 
whereas  pressure  coil  is  connected 
between  terminals  C  and  P.  Obvi- 
ously, current  flowing  through  the 
wattmeter  is  iH  and  p.d  is  V  The 
angle  between  I  he  two,  as  seen  from 
vector  diagram  of  Fig.  19.48,  is  (30 
+  30  +  30  -  «  )  =  (90  -  4  ) 

Hence,  reading  of  the  wattme- 
ter is 


0- 


B 

o- 


-*D  Hfr 


i^>^H — j 


tai 


Pig-  19^2 

IV  -  V^/,  cost 90-  *)  =  Vtlif„  sin  ijt 


For  a  balanced  load.  Vyg  equals  the  line  voltage  V;  and  /fl  equals  the  line  current  l.j  hence 
W  =  Vt/Lsinei 

We  know  that  the  total  reactive  vollamperes  of  die  load  are  Q  =  -j3VLlLs'\n$. 

Hence,  to  obtain  total  VARst  the  wattmeter  reading  must  be  multiplied  by  a  faclor  of  ft . 

19.25.  Oik  Wattmeter  Method 

In  this  case,  it  is  possible  to  apply  two- wattmeter  method  hy  means  oi'  one  waitmcicr  with- 
out breaking  the  circuit.  The  current  coil  is  connected  in  any  tine  line  and  the  pressure  coil  is 

connected  alternately  between  this  and  the  other  two  lines 
(Fig.  I"  ?})  I  lie  rwo  readings  so  obtained,  for  a  balanced 
load,  correspond  lo  those  obtained  hy  normal  two  watt- 
meter method.  It  should  be  kept  in  rrutid  that  this  method 
is  not  of  as  much  universal  application  as  the  two  wattme- 
ler  method  because  ills  restricted  to  fairly  balanced  loads 
only.  However,  iumay  be  conveniently  applied,  for  instance, 
when  it  is  desired  to  find  the  power  input  to  a  factory  mo- 
tor in  order  to  check  the  load  upon  the  motor. 

It  may  be  pointed  out  here  that  the  two  wattmeters 
used  in  the  two- wattmeter  method  (Art.  1917)  arc  usually 
com  hi  ad  I  into  a  smpk1  instrument  in  the  case  of  switchboard  wattmeter  which  is  then  known  as  a 
polyphase  wattmeter.  The  combination  is  affected  by  arranging  the  two  sets  of  coils  in  such  a  way 
as  Ed  operate  tin  a  single  moving  system  resulting  in  an  indication  of  the  total  power  on  the  scale. 

19.26.  Copper  Required  for  Transmitting  Power  under  Fixed  Conditions 

The  comparison  between  3-phase  and  single-phase  systems  will  he  done  on  the  hasis  of  a 
fixed  amount  ol  power  transmitted  to  a  fbied  distance  with  the  same  amount  of  loss  and  at  the 
same  maximum  voltage  between  conductors.  In  both  cases,  the  weight  of  copper  will  be  directly 
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proportional  to  the  number  of  wires  (since  die  distance  is  fixed)  and  inversely  proportional  to  the 
resistance  of  each  wire.  We  will  assume  the  same  power  factor  and  same  voltage. 

Pi  =  V7,  cos<)>  and  P3  =  i/3v7j  cos* 
where  /  =  r.m.s.  value  of  current  in  1  -phase  system 

/3  =  r.m.s.  value  of  line  currenl  in  3-phase  system 

f,  =  P3  b  V7,  cos*  a  JiVIj  cos*      /,  =  ^3/3 
also  /f/f.  x2=  J^lf, x3  or 

R3  2/f 

.  ,             *i  I 
SubslitutinH  ine  \11lue  oi  f.  we  eel       = — :  =  — 

1  Ri     3/Jx2  2 

.  copper3-  phase  _  No.  of  wires  3  -  phase  ^  fl,  3^ 

copper  1  -  phase    No.  of  wires  1  -  phase    Rs    2    2  4 
Hemic,  we  find  that  for  transmitting  ihe  same  amount  of  power  over  a  fixed  distance  with  a 
fixed  line  loss,  we  need  only  three- fourths  of  the  amount  of  topper  that  would  be  required  for  a 
tingle  phase  or  to  put  it  in  another  way,  one-thrid  more  copper  is  required  for  a  1 -phase  system 
than  would  be  necessary  for  a  three-phase  system. 

Example  19-33.  Phase  voltage  and  current  oj  ,1  \i,u  nmtti-i  in!  ituitu  fur  load  is  /5£>  V  tttui 
25  A  Power  factor  of  load  is  0.707  (lag).  Assuming  that  the  system  <i  3-wirr  and  power  is  mea- 
sured using  ftt'ii  wattmeters,  find  the  Tradings  of  wattmeters. 

i Elect.  Instrument  &  Measurements,  Nugpur  liniv.  Iuu3> 

Solution.  =  150V; Vt  =  HOxfivj^  =  lL  =  25  A 

Total  powers  <fevrlL  cos*  =  75x150 x ^3x25x0.707  =  7954  W 

Wj  +W7  =  7954  W  ...  (J) 

cos«  h  0.707; ("  -  cos"1  (0.707)  =  45°;tan45tI=  1 

Now,  for  a  lagging  power  factor,  tan<)>=  &(W\  ~W:)/(W]  +V/.)  or  1  =  &[Wt  -  IV,  j  /  7954 

IW,  -W2)  =4592  W  ...(ft) 
From  (J)  nod  (if)  above,  we  get,  W,  =  6273  W;  W  =  1681  W. 

Example  19.34.  In  a  btdanced  3-phase  400-V  circuit,  the  fine  currenl  i.t  USJ  A.  When 
power  is  measured  by  two  wattmeter  method,  one  meter  reads  40  kW  and  the  other  zero.  What  is 
the  power  factor  of  the  load?  If  the  power  factor  were  unity  and  lite  lute  current  the  xttmc.  what 
would  be  the  reading  of  each  wattmeter? 

Solution,  Since  W7  =  0,  the  whole  power  is  measured  by  W^.  As  per  Art.  19.18,  in  such  u 
situation,  p.f.  -  0.5.  However,  it  can  be  calculated  as  under. 

Since  total  power  is  40  kW.  .  .  40.000  -  41  x  400  *  1  155  k  eosecc«$  =  rj\5 
If  the  power  factor  is  unity  with  line  currents  remaining  the  same,  we  haw 

Also,  (W,  +W,)=  v/3  x  400xll5Jix  I  m  80000  W  =  80  IcW 

As  per  Art.  19.19,  at  unity  p.f..  W|  =  W Hence,  each  wattmeter  reads  =  80/2  =  441  kW. 

Example  19.35.  The  input  power  to  a  three-phase  motor  was  measured  fa  t*o  wattmeter 
method.  The  readinxs  were  10.4  KW  and  -  3.4  KW  and  the  voltage  was  400  V  Calculate  (a)  the 
power  factor  {hi  the  law  current  (Elect  Engg.  AAl.Ae,  S.L  June  1991 1 

Solution.  As  given  in  Art  19.21,  when      reads  negative,  then  we  have 

tan i(i  =  JilW)  +  IV, )  / 1 Wj  -  W2  > .  Substituting  numerical  values  of  IV  and  VV,,  we  get 
urn*  -  ^3(10-4  + 14)/ (10.4- 3.4)  =  1.97;*  =  tan_1(  1.97)  =  63.1° 
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{a)  p.f.  =  COS$  =  cos63J°  =  0.45  (lag) 
<fi>  W  =  104  -  3.4  =  7  KW  =  7.000  W 

7000  m  Jilt  x  400  x  0,4S;;t  =  22.4  A 

Example  19.35  \.\\.A  three-phase,  three-wire.  HtU-V.  A1W  .<.\ucm  <,i,pplie\  a  balanced  delta 
connected  load  with  impedance  of  2QZ45a  °nm 

(uj  Determine  the  phase  and  line  currents  and  draw  the  phase  or  diagram  ibt  Fiml  the 
wattmeter  readings  when  the  f»v  wuTtmeic  method  v.  applied  in  the  nuem 

(Elect.  Machines,  -V.M.Lh.  Sec  B,  I98«>> 

S<riulion.  u;t  Thcphasor  diagram  is  shown  in  Fig.  19.54  (h). 

Let  ijj^'ai  IOOZOC  Sinte  phase  .sequence  is  ABC.  VK=  100/  -  i  2d 


and  Va=  100*  |20Zn 


Phase  currcnl  fu  s 


-5Z-45" 


'9C 


I00Z1200 


20Z45D 


=  5Z75a 


Applying  A  tl  to  junction  A,  we  have 

.-.  Liae  current  /A  =  5Z-45*-SZ7S°=  SJS6Z-750 

Since  the  sysiem  is  balanced.  Ig  will  lag     by  120"  and  /(,  will  lag  ^  by  240a. 
••■/,=  8.66Z(75o-120°>  =  8,66Z-l95°;/c  =8.66Z(-75c-240fl>  =  8j66Z-3J5°-8j66Z45 
(A)  As  shown  in  Fig.  1 954  (i>).  reading  of  waitmeier  Wr  is  IV  =  V 


■AC1?™* 

Hence,  V. 


Phasor  V    is  Lhc 


reverse  of  phasor        Hence,  V   ii  the  reverse  of  phasor  V  .  Hence,  V'^_  lags  the  reference 
/  lags  by  75°.  Hence,  phase  difference  between  the  two  is  (75*  -  60"}  = 


vector  by  60*  whereas 

IV,  =  100  »c  8,66  x  cos  15s  »  836.5  W 
Sirnilarly  VV,  m  V^l,,  cos  (f  =  1 00  x  8.66  x  eos75c  =  224.1  W 

A      +  W2  =  8365  +  224.1  =  1060.6  W 

Resistance  of  each  delta  hiandi  =  20  cos  45s  =  14.14 

Tolal  power  coasumcd  =  3/!fi  =  3x53x  14.14  =  1060.6  W 

Hence,  it  proves  that  the  sum  of  the  two  wattmeter  readings  gives  die  total  power  consumed. 

Example  1936.  A  i-pha*e.  500-V  motor  load  has  a  power  factor  of  0.4  Twx>  wattmeters 
connected  to  measure  the  power  show  the  input  to  he  30  kW.  Find  the  Trading  on  each 
instrument,  (Electrical  Mc*s_  Nagpur  Lnb.  194)  i 

Solution.  As  seen  from  Art-  19.21 


tan  4*  - 


in 
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Now,  co&$=  0.4;$  =  cos-' (0.4)  =  66.6°;  tan  66.6"  -  2.31 1 
Wj  +  W:  =  30 

Substituting  these  values  in  equation  0)  above,  we  gut 


00 


From  Eq_  <ff)  and  uih.  wc  have  IV  =  45  kW  and      =  -  5  ItW 

Since  It',  comes  out  m  he  negative,  second  wattmeter  reads  down  scale'.  Even  otherwise  tl 
is  obvious  thaf  p.f.  being  less  than  0.5,  W2  must  be  negative  (Ait.  19.19) 

Example  I9„3ft  la).  77ie  power  tn  a  3-pltase  circuit  is  measured  by  two  wattmeter*.  If  the 
total  power  is  100  kW  and  power  factor  is  0.66  tending,  wltat  wilt  be  the  nailing  of  each  wattme- 
ter? Cfi'C  the  connection  diagram  for  ilie  wattmeter  circuit.  For  wltat  p.f.  will  one  of  the  wattmeter 
read  lent? 


SoluiiDn.  o  cos' 1  (0.66  j  -  48.7J;  tan  6  =  I.I  383 
Since  p.f  .  is  leading. 


tan*  p 


1.1383  = 


■Ji(W.-W,,IW0 


■■  Wi  ~  Wi  ~  ~  65  7  ^  Wf  +  WiT  100  •■       =  1714  kW''  WlT  H2M5  k" 
Connection'  diagram  is  similar  to  lhal  shown  in  Fig.  19.47  (M.  One  of  the  wattmeters  will 

read  zero  when  p.f.  -  0.5 

Example  19.37.  Two  wattmeters  are  used  far  mea- 
suring the  power  input  and  thr  power  factor  of  an  over- 
ewti'd  iym  )n,'ti>n/\  imitor.  if  the  readings  of  the  meters 
an  (-  ZO  kW)  and  {*■  7.0  kW)  respectively,  cat^uiote  the 
input  and  power  factor  of  the  motor. 

(EJect.  Technology,  Punjab  Univ.,  Jane,  19911 

Solution.  Siikc  an  over-ex  cited  synchronuu.\  motor 
runs  with  a  leading  p,f_  we  should  use  the  relationship 
derived  in  Art.  1922. 


J3(3¥|  -W;) 


FiB  1*55 


Moreover,  as  explained  in  the  same  article,  it  is  W  thai  gives  negative  reading  and  not  W^. 


Hence. 


It.  - 


tanO  = 


2kW 

S(-2-7) 


=  >/3x-  =  3.H76 

9 


-2+7 

|  =  CmT1  (11 1 76)  =  7  L2°  (lead) 

cosO  =  cos 7 \_2    =  0.3057  dead!  and 

Input  =  Wi  +  W,=-2+7  =  5  ItW 
Example  19.38.  A  440- V.  i-phase,  delta-connected  induction  motor  lias  an  outpia  of 14.92 
kW  at  a  p.f.  of  0.82  and  efficiency  85%.  Calculate  the  rraittngs  on  each  of  the  two  wattmeters 
ttmnetted  to  measure  the  input.  Prm-e  any  formula  used. 

If  another  jctar-ctmnected  load  of  10  kW  at  0.H5  p.f.  lagging  it  added  in  parallel  to  the 
motor,  what  will  he  the  cttrrmt  draw  from  the  lute  and  the  power  taken  from  the  line? 

i Elect.  TfeetutoiHgy-j.  Borah*)  Univ.  J986i 

Motor  input  -  l4.y2O/0.S5  =  17.600  W  .>,  Wj  +  W,  =  17.6  kW  ...  (0 

Wi  ~  Wy 


cos*  =  0.81  $-34.9Q.  tan 34.9°=  0.6976  0.6976=  J3— ; 


17.6 


Wj  -u/,  =7.09  kW 


(If) 
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From  (.)  and  («)  above,  wc  get  IV  =  1235  k\V  and  W»  -  S-26  kW 


Motor  kVA.  5„  - 


motor  kW     1 7.6 


0.M2 


*  21.46  .*.S    =  21.4G  Z-  34.9*  ^  (17  6  -j  12^8) 

in 


kVA 


Ltrnd  p  i  =  O.RS  .  .  <|j  =  cos  '(0.85)  =  318"  Load  kVA,        10/0.85  =  11.76 

S,  =  1 I.76Z- 3 1.8°  =  00-/6.2)  kVA 
Combined  kVA.      S  =  S   +  Sv  =  (27.6  -  j  1 8.48)  =  32.2  z  -  33.8s  *VA 


332x10 


4SM  A 


JSLv  */3*440 
Power  taken  =  27.6  kW 

Example  1DJ9.  77?p  power  input  to  a  synchronous  motor  is  measured  by  two  wattmeters 
both  of  which  indicate  50  kW.  If  the  power  factor  of  the  motor  he  changed  fa  0,866  leading, 
ih-ttirmuw  ilu  iriidmt>.\  of  the  two  wattmeters,  the  total  mput  power  mnamins  the  same.  Draw  the 
vector  diagram  for  the  second  condition  of  the  load.  I  Elect.  Technology*  Nuupur  Fniv.  |V92j 

Shi  lot  If  hi.  (n  the  lirsi  case  both  wattmeters  read  equal  and  positive.  Hence  motor  must  be 
running  at  unity  power  (Art.  19.22). 

Whi'n  p.f.  is  U.H66  leading 


In  this  case: 


W,  =  VJL  cos(30D+i^  l ; 

W2  =  VLIr  cos(30°-^) 
W}+W2  =  4lvjL  COB* 
W>-W,=-VLIL  ft* 


tfi  =  cos"1 (0,866)  =  30 

tMHj)=  1/  S 

V3    ~  100 

=  -100/3 
and       IV, -HIV;  =  100 


Fir.  19M 


2W,  -  200/3:  W,  =  3U3  kW;  H\  =  66.67  kW 
For  connection  diagram,  please  refer  !p  Fig.  19.47.  The  vector  or  phasor  diagram  is  shown 
in  Fig.  19.56. 

hxample  19.39  |al.  A  star-connected  balanced  load  is  supplied  from  a  3-$  iHilanccd  sup- 
ply with  a  line  voltage  of  416  vtdti  at  a  frequency  of  50  H?.  Each  phase  of  the  load  consists  of  a 
reuMtmce  anil  a  capacitor  Joined  in  series  and  the  reading  on  two  wattmeters  connected  to  mea- 
sure the  total  power  utpplied  are  782  W  and  IVKO  W.  both  positive.  Calculate 

f  r  >  power  factor  of  circuit,  f  ri  >  the  line  current,  (Hit  the  capacitance  of  each  capacitor 

(Fleet.  Knyu.  L  Nagpur  l  r»i%.  Iu<0> 
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Solution.  0  A,  seen  from  Art.  19  2!  tan*  =  -  ^  '         -  l9*»  =  0  75 

+  W2J  1782  +  1980) 

4>  =  36.9°.  cos 0  =  0.8 

U0  &x4\6xlL  xO.B  =  27o2,/j.  =  4.8A 

(//)       =      il^  =  (416^3)  /4^  =  50fl,Xc  =  Zpi  sin*  =  50  x0JS  =  30fl 
N.iw.  AV  =  !/2n/r  =  l/2<j>x50xC  =  [06xlO-*F 

Example  19.4(1.  frjr/t  phase  of  a  J-phase,  ts-connected  consists  of  an  tntprdttru\ 
Z  ^  20  ZGO"  ohm.  The  line  voltage  is  44(1  V  at  JfO  Hz.  Compute  the  power  consumed  hy  each 
phase  impedance  and  the  total  power.  What  wilt  he  the  reading*  of  the  two  wattmeters  connected' 
(MM  and  Mech.  Technolouj.  Osmania  Lniv.  I9K0t 

lllllil  =  20n;  Vph  =  V,  =  440V;     =      /  Z^  =  440/20  -  22  A 

Since  *  =  60° ; cos 0  =  cos 60°  =  0.5°;       =      xcos60°=  20x05  =  10Q 

Power/phase  ^  I;„R^  =  222  x  10  =  4.840  W 

Total  power  =  3x4,840  =  14.5211  W  |ljr  />  =  ,/3x440x(V3x22)x0.5  =  14320  Wl 
Now.  1*i+W,  =  14320. 

Also  ^*&Sfe=r     ■•   lan60°=^  =  V3.^^ 

W'|+W:  14320 

W,        =  14.520,  Obviously,      =  0 
Even  uuierwi.se  if  is  obvious  that  W,  should  be  zero*  because  pX  =  cos  60"  -  0.5  (Art. 
19.19). 

Exumple  19.41.  Three  identical  coils,  each  having  a  reactance  of  20  q  and  resistance  of 
20  (X  are  connected  in  (at  star  tb)  delta  across  <i  440-V,  3  plume  line  Calculate  for  each  method 
of  coimeetiim  the  line  current  and  leadings  on  each  oj  the  two  wuttnicte)  \  t  o/met  led  in  measure 
the  power,  i  Klectru-mechariic,  Allahabad  Unh.  1992) 

Solution,  ifii  Khir  (  onneclinn 

Zph  =  ifeo^ZO2    20-J2  =  28.3G;  Vpl)  =  440/  ^3  =  254  V 
/,„  =254/283  =  8.97^;^  =8.97  A;  co*  *  =  R&tZ^  =  20/28.3  =  0.707 
Total  power  taken  =  JlvLIL  <m$  -  i/3  x  440  x  8.97  *  0.707  =  4S30  W 
If  W !  and  W2  are  wattmeter  readings,  then  W}  +  Wz  =  4830  W  ...  JfJ 

Now.  tan  *  =  20/  20  =  ^(W,  -  IV3 )  /  (W,  + W",);  (W,  -  W2  );=  2790 W  ..  (») 

From  [/)  and  Cri)  above.  W}  =  »W  \V;  W,  =  1020  W 
(A)  Delia  Connecticut 

1y»  -  28.312.      =  440  V,/^  =  440/283  =  1 55 A;  lL  =  153  X  &  =  28  8  A 

P=  Jj  x  440  x  2S.S  x  0.707  =  14,490  W  01  is  3  times  the  r-power) 

Wt  +Wj  =  14,490  W  „.  (///> 

tan 0  =  20 / 20=  vfjiH',  -  W2 )/ 14.490; IVj  -  W3  =  8370  ...  fh) 

From  Lq  imi  and  {jv),  we  get,  IV,  =  11,430  W;  H   =  3(Ki(l  W 
Note:  These  readings  are  3-times  ihe  Y- readings. 

Exaniplv  19.42.  Three  identical  cuds  arc  connected  in  slat  to  a  2tX)-\,  thnr-pha.\t  \upph  and 
each  takes  500  W  Ttte  powri  /actor  is  0.8  lagging.  Whut  will  be  the  current  and  the  total  power  if  the 
tame  tints  are  connected  in  dctm  uuhe  same  supptv'.'  If  the  power  is  measured  b\  two  wattmeters,  what 
will  he  their  reiulings?  Prove  any  formula  used         QHMt  Eiirb.  A.M.  A.  S.I.  Dec.  1 991 1 

Solution  When  connected  tn  -tur  as  shown  in  Fig.  19.57  (a),       =200/  &  =  115.5  V 

Now.  Vp*lpk  cos0  =  power  per  phase  or  1 153  x  /   x  0.8  =  500 


1.1.2 
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A  V  =  5-4 l^Z^  =  =  1 15.5/  5.41  =  213411 

R  =  Z^  cos<|)  =  2 1.34  x  0.8  =  I7t2;  Xt  s*  Z^  5in<|>  =  2134  x 0.6  =  XlASi 


200V 


10UV 


R-jX 


Klg.  1957 

The  same  three  euils  have  been  connected  in  delta  in  Fig.  19  J7  (£>).  Here.       =  VL  =  200  V. 

^  =200/2134  =  9.37/1;^  =  ^3/^  =937x1.7:32  =  lh.23  A 
Total  power  consumed  =  fix 200*  16.23x0.8     4500  W 

It  would  he  seen  thai  when  the  same  coils  are  connected  in  delta,  they  consume  three  limes 
more  power  than  when  connected  in  star. 
\V;ill meter  Readings 


Now, 


+Wt  =  4500;  tan  *  = 


cos  'lO.H.) 


0.75  = 


JliW,  -W2) 
4500 


(ft  +W2) 
36.87";  tan<fi  =  0.75 


W,  =  (4500  + 1 950)  /  2  =  3225  W;  W2  =  1 275  W.  ■ 
Example  19.43  (o|.  A  } -phase,  J-nw,  415-V  system  supplies  a  balanced  load  of 20  A  at  m 

(xm'fr  factor  0,8  lag.  The  current  coil  of  wattmeter  I  ij  in  phase  R  and  of  wattmeter  2  in  phase.  H. 

Calculate  ul  'hi-  tvadinjt  tw  I  when  its  voltage  coil  is  t/cntss  R  and  Y  (it)  the  reading  an  2  when  its 

voltage  cttit  is  acmss  B  and  Y  and  (iiii  the  reudiny  nn  I  when  its  voltage  coil  ix  across  Y  and  B. 

Justify  yaur  answer  with  relevant  phasar  diagram.       ililecl.  Machines,  A.ityJ.K.  Set  B.  I  Wl  i 
Solution,  it)  As  seen  from  phasor  diagram  of  Fig.  19.57  (a) 

w\  -  Vxvh  cos<30+<|»  -  &  x  415  x 20  x  cos(36.87a+30u )  =  5647  W 


•:C- 


Fuj.  I!».57  la) 


Polvphate  t  ircutu 


M>3 


Hit  Similarly.       =  VBt  tH  cnU  l()  -tyt 

U  shuuld  be  noled  thai  voltage  across  W,  is  V  .  and  not  V„_.  Moreover. 
(|>  —  cos'  (0.8 1 =  36*87°, 

W,  =  &  x  4 1 5  x  20  x  cos  (30D-36.B7a )  =  1 4,275  W 
(0)  Now.  phase  angle  between  /  and  V   is  (90*- 0  J 

W2  =  VnIK  cosf90°-$)  =  &  x  415  x20  x  sin  36.H7°  =  8626  VAR 
Example  19.43  {b\.  A  wattmeter  reads  5.54  kW  when  its  cum/a  coil  is  connected  in  ft  phase 
and  its  vt\hagt-  cod  i\  connected  Itetween  (hi1  neutral  and  the  R  phase  of  a  symmetrical  .f -phase 
system  supplying  a  balanced  Unid  ot  iU  A  at  400  V  What  will  he  the  reading  on  the  instrument  if 
the  connections  to  the  current  cad  remain  unchanged  and  the  vtdtaee  colt  be  connected  between  D 
and  Y  phases?  Take  phase  sequence  RYB.  Draw  the  corresponding  phasor  diagram. 

(Elect  Machines,  A.M.I.E.,  Sec.  b.  1992) 

Solution.  As  seen  from  Fig.  19.57  (h), 

W,  =VRlR  ens*  or  554x1 03  =  (400/^3  )x  30  X  cos  0;  :.  cos*  =  0&5m<&  =  0.6 
In  the  second  case  (Fig.  1 9.57  (b)) 

W,  =  VyBIH  cos(90"-$)  =  400x30xsin*  =  400x30x0.6  =  7.2  kW 


Khi.  19.57  ib  i 

Example  19.43  (cl.  A  3-phase,  3-wtr*  balanced  load  with  a  lagging  power  factor  is  supplied 
at  400  V  (between  tines),  A  I  phase  wattmeter  1st  toed  in  k\V;  n/k-u  <  onaeeted  with  it.*  current  toil 
in  the  R-lmc  and  voltage  coil  between  R  and  Y  lines  gives  a  reading  of  ft  k\V.  When  the  same 
terminals  of  the  voltage  cod  are  switched  over  to  V-  and  B-iines.  the  current-coil  connections 
remaining  the  same,  the  reading  of  the  wattmeter  remains  imchttnged.  Calculate  tlte  tine  current 
and  power  factm  of  the  toad.  Fltase  sequence  is  R     Y  -►  B- 

( Elect.  Engg-I.  K«mba\  Univ.  1985) 

Subitum.  Tbc  current  through  tiie  wattmeter  is  /fl  and  p.d.  across  its  pressure  Coil  is  VflJ,  As 
m-cii  I  mm  the  phiLsor  diagram  of  Fie  39.58.  the  angle  between  the  two  is  (30°+*). 

W.  =  1     I,,  tosf  3Ol,+0  \  =  VLI,  cost  ?()=■+*)  ...  (0 

In  tbc  second  case,  current  is  lR  but  voltage  is  V^.  The  angle  between  die  two  is  (90*  -  0 ) 

A  W2  =  Vygtfi  cos  (90°Ht»  ■  VL  lL  cos  (90°-*) 

Since  Wx  =  W2  we  hove 

VLIL  cos(30o+*)  =  VLlL  cos(90dh^) 

A  30°+*  =  90°-(D 

or  2*  =60°  .-.  «  =  30L 

.-.  load  power  factor  -  cos  30' m  O.Bbfj  (las) 

Now  W1=lV1=6kW. 


f'hJ  Eiex'lrical  Technology 

Hence,  from  01  above,  we  get 

6(XXJ  =  4tX)x/,  cos606:/t  =  30  \ 

Example  1V.44.  A  _f  p/m.vf.  -ttW  I'  (  j'/i-uj7  \iii>i>hr<-  .1  S-connesttrd  luad  (saving  phase  imped 
ttm.Es  of       =  25Z0°;Z^  =  25Z303  and  Vr,  - 

run  H/jr/H^-frn  «rf  comwned  in  the  circuit  «>  measure  the  toad  pnwr  In'tenmnc  itw  wan- 
meter  irtidiit^s  if  their  current  coils  are  in  tlw  liiir.^tsi  A  and  B  .  {h}  B  and  C.  and  lc)  CtmdA.  The 
pluiM-  .waiifitce  L\  ABC.  Draw  the  ■  t>nwclUnt.\  nf  the  wattmeter  fur  the  uluwe  three  eases  ami 
•  iic<  i,  flu         of  the  two  wuttmeter  nailing  ayauis!  fouil  /inner  cniwunn-d 

Soluttun.  Taking  as  ihe  reference  voltage,  we  have  ZAB  ~  4mzw,ZBC  =  400Z- 120° 
and  Za  =  400^120°. 

The  three  phase  currents  can  be  found  as  follows; 


Fig.  19.5¥ 

The  line  currents  ly  Jg  and  If  can  be  found  by  applying  KCL  at  the  three  nodes  A.  B  and  C  of  the 
load. 

!A  =  IA„  +  / 1( -  =  fAB  -  lCA  -  { 1 6  +  jO) -  (- 13,8  +  /8)  =  29.8  -  /8  =  30J5Z  -  1 5U 
U  =  'ec  ~ 'ab  ~  (~l3>8 - y»>- ( 1 6  +  M  =  "29.8  -    =  30.8Z  - 165° 
lc  =  fa  -'«:  "  (-138+ /8)-(-l3,8-y8}  =  0+ ;16  =  16Z9G" 
The  phasor  diagram  for  line  and  phase  currentsis  shown  [n  Fig.  19.59  (a)  and  if'}. 
(a}  As  shown  in  Fig,  19,60  (a),  the  current  coils  of  the  wattmeters  are  in  the  line  A  and  B  and 
the  voltage  coil  of  Wf  is  across  the  lines  A  and  C  and  that  of  IV,  is  across  the  lines  B  and  C.  Hence, 
current  through      is  tK  and  voltage  across  ii  is       The  power  Indicated  by  W  may  be  found  in 
the  following  two  ways: 

(0  P,  =IVAC\MA\  x  (cosine  nf  the  angle  between  V^and  IA). 

=  400  x  30.8  x  cos  (30°  +  15°)  =  8710  W 
(ii]  We  may  use  current  conjugate  (Art.)  for  finding  the  power 

fvA~VAch  -  -*«K)^I  20Dx30.SZ15o 
Pl  =  real  part  of  P^  =  -  400  x  30.8  x  cos  135*  «  87 10  W 
/>3  =  real  part  of  [VatZB]=  400Zl20°x30.8Z- 165° 
=  400  x  30.8  x  cos  (-45° )  -  8710  W 


Poivphase  Circuits 

A  P, +/•;  =87 10 +  87 10=1 7,42(1  W. 


665 


Co — l^roy 


rig. 

ft)  Ab  shown  in  Fig.  19.6(1  (H  the  cuireni  coils  of  the  wait  meters  .ire  in  the  lines  £  and  C 
whereas  voltage  cuil  of  IV  is  across  the  lines  5  and  A  <uid  that  of  W,  is  ucotts  lines  C  and  A. 

I/)  .-,  Pj  =1  V^,  I .  I  lB  t  (cosine  of  the  angle  between  V   and  /fl) 

=  4G0  *  30.8  h  cos  15°  =  1 1,900  W 
1/0  Using  voltage  conjugate  (which  is  more  convenient  in  this  casei.  we  have 


V„  ./„  =  -4O0Z0*x30.8Z  x  -165" 


,-.       =  real  part  of  P^  =  -  400  x  30.8  x  cos  {-  165"!  =  1 1.900  W 

P3  =  real  part  of  |  V^*/c]  =  |400  Z  -  1 2G°xl 6Z90°  |  =  400x  16  x  cosC-308 )  =  5,540  W. 

P,  +P2  =  1 1,900  +  5,541 1  =  17,440  W. 
If)  As  shown  in  Rg.  19,60  Il'K  ihe  current  coils  of  the  wattmeters  tire  in  the  lines  ('  ."id  A 
whereas  the  voltage  coil  of  W  is  across  the  lines  C  and  B  and  that  of  W,  is  across  live  lines  A  and  b, 

<i)  P,  =  real  part  of  [V^  *  lc  \  =  [I-400Z1200 )  x  16Z90D  | 

=  -400xl6xcosZ210D=5540W 
P,  =  real  part  of  IV^  «j  |  =  [400ZD0x30.BZ-  15D= 400x30.8 x cos Z- 15°  =  11.900  W 
,-.  P,  +  P,  =  5.540  +  1 1,900  *  17.440  W 


<>«(>  f-lrctrietd  Ttchmttogy 

Total  power  consumed  b}  ilv  phase  load  can  he  iuund  directly  as  under  : 
PT  =  real  part  of  [VMl„  *+VKlK  *+VCAlCA*\ 
-  real  part  of 

|( 400Z(r* ) (16Z  -  0° )  +  (400Z  - 1 20° ) ( 16Z ISO"  > + (400Z1 20° ) ( 1 bZ -  1 50° )) 
=  400  *  16  x  real  part  of  (|^O°+L!JOVIZ-30B) 
^400  x  16  (cos  0"  +  cos*  +  cos  (-  30°)  =  17.485  W 

Nolr.  The  slight  vuriatiou  tn  ihe  different  unswers  is  due  tu  the  upprov.irjuiuon  made. 

Example  19.45.  In  a  balanced  3-fmase  s\siem  load  I  draws  60  kW  ami  SO  leading  kVAR 
whenras  load  2  druw-s  160  kW  and  120  lagging  A  VAR.  //  line  voltage  of  the  supply  is  1000  V,  find 
fit  iifit  i  urrcnt  supplied  bv  the  generator.  (Fig.  19.61} 

Solution.  For  load  I  which  is  a  leading  load,  tan<t>,  =  Q\  I P^  =  80/60  =  -  1  . 333;  4,  = 
53.1".  cos  4>i  =  0.6.  Hence,  line  current  of  this  load  is 

/,  =  60,000  /  >/3  x  1000  x  0.6  =  57.8  A 

For  load  2.  tan  =  120/160  -  0.75;  =  26.9".  cos  $3  =  0.8.  The  line  current  drawn  hy 
this  load  is 

/ j  -  160.000/  &  x  1000  x  0.8  m  1 15.5  A 

If  we  take  the  phase  voltage  as  the  reference  voltage  Lr.  =  t  1(100/  JliZUP =  578^0°; 
then  /  leads  this  voltage  by  53.1*  whereas  /,  lags  it  by  36,9',  Hence,  /j  -  57JJZ53.1'  ^od  - 
1 1 5.5  Z  36.9s 

...  Jt  l  =    +/j  =  57.8  Z53.r+U5.5 

^-36^=171.7^413°  A- 

E  nam  pit-  19.46.  A  singie-pha.se  motor 
drawing  I0A  at  0. 707  lagging  power  factor  is  con- 
nected M'PHXi  lines  Ft  and  Y  of  a  A -phase  supply 
tine  connected  to  a  J-phase  motor  drawing  /5A 
at  n  faggots;  power  frit  tor  of0.fi  as  shown  in  Hg. 
19.62(a).  Assuming  RYH  sequence,  calculate  the 
thnre  line  currents 

Solution.  In  the  phasor  diagram  of  Fig.  19.61  lb)  are  shown  the  three  phase  voltages  and  the 
one  hnc  voltage  VflT  which  is  ahead  of  its  pha.se  Killagc  V  .  The  curreni  l}  drawn  n>  single  phase 
motor  lags  I'    by  cos-1  0.707  or  45c.  It  lugs  behind  the  reference  voltage  V  hy  15=  as  shown. 

Hence,  /,  =  IQZ-  15°  =  96- j2.6A  .  The  3-phasc  motor  currents  lag  behind  their  respective  phase 
voltages  by  cos"*  0.8  or  36.9*.  Hence,  /*,  =  15Z  -  36.9° = 12-  J9. 

IYl  =  ISZi-lXf-MSP)  =  \5Z  -156,9*=  -135- J5.9 
1„  m  15Z<120°-36.9°  I  =  15^831° 


i.i-:n. 


R 


Y  lr 
□ — -— 


B 


'motor 


ly. 


IS1 


F1B.  19.62 


I'olyphase  CircuilA  667 
Applying  Kirchoffs  laws  to  point  A  of  Fig.  19.62  (a),  we  gel 

Similarly,  applying  KCL.  to  point  B.  we  get 

/,  +/,  =/,.,  atlr  =/n-/,  =-l3.8-/59-9.6+/16  =  -23-4-y33  =  n6^-|720. 

Kxamplp  19,47,  A  4M-V,  50-Hz,  mppt)  is  loruiected  to  a  Y-cotuiecttd  induction 
motor  and  synchronous  molar,  impedance  of  each  phase  of  indue  turn  molar  is  (1.15  +  fl,17\  Q 
Tite  J-ffl  svnchmtuMs  motor  is  ovcr-e.xctfed  and  is  draws  u  current  of  120  A  ill  U.&7  ieatlinx  p.f  IWo 
wattmeters  ant  connected  in  usual  manner  u>  measure  pitwer  drawn  by  the  two  motors.  Calculate 
til  reading  <m  each  wattmeter  (Hi  combined  power  factor. 

(EltcL  Technology,  Hyderabad  Univ.  1992 1 

Solution.  It  will  be  assumed  thai  the  synchronous  motor  is  V-con netted.  Since  it  is  over-evicted 
it  has  a  leading  p.f  The  wattmeter  connections  and  phasor  diagram",  are  as  show  n  in  Fig  14  6? 


1.25  +  JIM  -  zsz&F 


11^ 

Phase  voltage  m  each  case  =  434^3  =  230  V 

/  =  250/2-5  -  100  A  lagging  the  reference  vector  V  bv  GO*.  CuneM/,  =  120  A  and  leads  V 
by  an  angle  «  cos"1  (0.87)  =  29.5s 

I,  -  100^-60°=  50 -jf66.6;  13  =120Z29_5C=  104.6  +  /591' 
+  |,  =  154.6  -j77.6  =  J56.8Z-10.1C 
{a)  As  shown  in  Fig.  19.63  <>),  lg  lags      by  10. 1",  Similarly.  lf  lags  Vy  hy  10  1°. 
As  teen  from  Fig.  19.63  (a),  current  through      is  /fl  and  voltage  across  it  is  Vm  -  V#  —  Vg . 


As  seen.  It.  =  434  V  lagging  by  30°.  Phase  difference  between      and  /fl  is 


30-  10,1  -  lit" 


reeling  of  W  =  434  x  156.8  *  cos  19.9"  =  63,970  \V 


C  urrent  /.. 


/  is  also  i  like      the  \cclor  sum  of  the  line  currents  drawn  by  the  two  motors.  It  is 
equal  to  156.8  A  and  lags  behind  its  respective  phase  voltage  V'v  by  10. Is  Current  through  VV,  is  / 

.and  l} 


and  voltage  across  it  is  V  =  V  -  V 
=  30"+  10  1"  =  40  1*  (lag). 


..  As  seen.  V'   -  434  V.  Phase  difference  between  . 

flip  Iff 


reading  of      -  434  *  156.8  x  cos  40 .1'  -  52,050  W 
ib)  Combined  pl."=  cois  10. 1 '  =  0.9845  I  lag  I 

Kxample  1^.48.  I\n\cr  in  a  balanced  J^pluise  system  is  measured  by  the  rwo-waumeier 
method  Mid  it  u  found  thai  the  ratio  of  ike  two  readings  is  2  to  I.  What  is  the  nitwer  factor  of  the 
mr«fl>  (Fleet.  Science- 1,  Allahabad  Lniv.  IWli 

Solution.  We  are  given  thai  VV,  :  W3 ...  2  :  1 .  Hence.  W7IW3  =  r  =  1/2  =  0,5.  As  seen  fmm 
AH.  19-21. 

14*  1+0L5 


cos<t  - 


2yj\-r  +  r-      2^1-0-5  +  05' 


=  0.866  laji 


f>68 


Electrical  Technology 


Example  19.49.  A  synchronous  mntttr  absorbing  50  kv\  t\  connected  in  parallel  inifr  « 
foi  tfiry  huid  (j/  2f*i  LW  having  a  taxxinx  piiwn  factor  of  0.8,  It  the  nniihituitiun  tins  a  powet 
factor  of  0.9  tagging,  find  the  kX'AR  supplied  hv  the  motor  and  its  power  factor. 

i Meet.  Machines,  A.M.I. F..  Set  K.  I9K9, 

Solution.  Load  LVA  -  200X18  =  250 

Load  kVAR  =  250  x  0.6  =  ISO  (lagj  |cos  *  =  0.8  sin  0  m  0.6] 
Total  combined  load  =  50  +  200  =  250  kW 
kVA  of  combined  load  =  250/0.9  -  277.8 

Combined  kVAR  =  277.8  x  0.4356  =121  (inductive  Hcombincd  cos  *  =  0.9.  sin  *  =0.4356) 
Hence,  leading  kVAR  supplied  by  synch,  motor  =  150-  121  -  29  (capadtive) 

kVA  of  motor  alone  =  ^{kW2  +kVAR2 )  =  i/50:  +29-  =  57-8 
p.f.  of  motor  -  kW/kVA  »  50/57.8  «  0,865  (leading) 

KKumpk'  I9J>(L  A  •uar-connecied  balanced  !»cui  is  supplied from  a  S-phase  balanced  supply 
with  a  line  voltage  of  416  V  at  a  frequency  of  50  Hz.  Each  phiise  oj  load  consists  of  a  resistance 
and  a  capacitor  joined  in  series  and  the  readings  tm  two  wattmeters  connected  to  measure  the 
tittal  power  xupplnd  are  7H2  W  and  I98i)  W,  faith  positive.  Calculate  tat  the  pttwer  factor  of  the 
circuit  \bi  the  line  current  and  ic)  the  capacitance  of  each  capacitor. 

(Elect  Mttchuiery-1,  Bombay  Univ.  1985) 

Solulion.  IV,  =  728aiidlV?  =  1980 


For  a  leading  p  f.   jan0  =  -J3 


782+1980 


From  Lubles. 

{n>  .'. 
<*) 
or 

(c)  Now 

.-.   Ill  I "15 


H1  + 1*5 

0  =  36654' 
co»0  =  cos 36*54'  -  0.8  lleadiiiR) 
power  m  f$VLlL  cos*  or  Wt  +     =  &VL1L  cos* 
(782  +  1980)  =  ^3x416xitx0.B  .-.  h  =      =  4.8  A 


Vph  =416/  ^3  V  ...  ZpH  =416/^3 x4.8  =  50Q 
1 9,64.     ZM  =  50Z-36C54'  =  50(0,8-/061  =  40-/30 

I 


Capacitive  reactance  Jft_  =  30;  or 


2ttx5GxC 


=  30  .\  C  =  106  p.F. 


it!,  \ 


-Hi.  V 


FtR.  19.64 

K\ampk-  19.51.  Tlw  fiw  mifiywrrn  1  dn</  fl,  ijfvr  readings  as  5000  W  and  Itxxi  IV  rt  *,-  <■,  - 
/ivr/y  during  the  power  measurement  of  .t-0.  .i-wirr.  balanced  load  system,  (a)  Calculate  the  power 
and  power  factor  if  (/;  both  meters  read  direct  and  tilt  one  of  them  reads  in  reverse,  (b)  If  the 
vrtttage  of  the  circuit  is  JOO  V  what  is  the  value  oj  caput  'nance  which  must  be  introduced  tn  each 
phase  to  cause  the  whole  of  the  pm-er  to  appear  on  A.  The  frequency  of  supply  it  50  Hz. 

( Elect.  KnqH-  Nogpur  Univ.  1992) 

Solullwn.  iat  (/)  Both  Meiers  Rend  Direct 

W,  ^5000  W; W2  *  1000 W;       W,  +W2  ~  6000  W:  W,  - W2  =  4000W 


Polyphase  Circuits 


669 


tan f  =  V3lW,  -  W2) / 1 +  W, )  =  n/3  * 4000 / 6000  =  1-1547 

((I  a  Urn-'  ( l.l  547>  =  49, 1 D ;  p.f.  =  cos  49. I '  =  0.655  ( lag ) 
Total  power  =  5000  +  1000  =  6000  W 
mi  One  Meter  Reads  in  Reverse 

In  this  case,  tan  <fr  =  ^3 (W,  +  W2)t  tW,  -  Wrf  =  73  x6000/4000  -  2598 

*  =  um   ( 1598}  =  68.95°:  p.f.  =  cos  68 .95°  =  0.36  (lag) 
Total  power  =  W  +      =  5000  -  1000  =  4000  W  ...Art. 
lb)  The  whole  of  power  would  ba  measured  by  wattmeter  W  if  the  I  oat!  power  factor  is  0-5 
1  lagging)  or  less.  It  means  that  in  the  present  case  p.f.  of  the  load  will  have  to  be  reduced  from 
0  655  lu  0.5  In  other  wools,  capacity  c  reactance  will  have  lo  be  introduced  in  each  phase  of  the 
load  in  order  to  partially  neutralize  the  inductive-reactance. 

Now.  SvLIL  cos*  =  6000or & x 400 /t  xO.655  =  6000 
tL  =  1 3.3A;  ft  ^  -  1 32/  &  -  7.63  A 
ZpH=Vphiiplt  =  400/7,63  =  524 Q 
XL  =  Z^sin*  =  S24;<sin49J0=  39.6ft 

When  p.f.  =  OS 

S  x  400  x  lL  x  0.5  =  600O./t  ^  17,32 A.  1^  =  1 732  /  &  -  l0.4;Zp„  =  400 / 10  =  4011 

cos *  m  05.$  m  60: sin 60°= 0.886; X  =      an*  =  40  xO.886 ■  35.4Q 

ft  X  =  XL-XC  =  35.4  ot39.6-*c  =  35.4;  Xc=42ft- 

If  C  is  the  required  capuciuiriec.  then  4.2  -  \t2nx5QxC;  ,*.  C  =  758p-F. 

Tutorial  Problems  No.  192 

1.  Two  wattmdm  connected  10  measure  the  input  to  ■  balanced  three-phase  circuit  indicate  2500  W 
jikl  sc*  1  W  respn.  i^cly  Find  live  power  factor  of  the  circuit  {a)  when  both  readings  arc  positive  ami  ih\  when 
•IK-  lultL'i  leading  is  obtiimed  utter  reversing  llie  u)iinecli<iris  m  ihe  cicntrit  coil  c it  one  instrument. 

\ta\  0.655  t*l  <U59I]  (Cm  d  Guiidy  Limdon) 

2.  A  400-  V.  3-phasc  induction  motor  load  takes  900  LVA  at  a  power  factor  of  0.707.  Calculate  the  kVA 
rating  of  the  capacitor  bank  lo  raise  the  resultant  power  factor  of  the  installation  of  tf.it66  lagging- 
Find  also  the  resultant  power  factor  when  the  capacitors  are  in  circuit  and  the  motor  load  has  fallen  to 

300  kVA  at  f)-5  power  factor  |296  ItVA,  0,99K  leading]  (City  <fe  Guild*.  London) 

Jl  Two  wattmeters  measure  the  tola!  power  in  three-phase  circuits  and  arc  correctly  connected.  One 
reads  4,800  W  while  other  reads  backwards.  On  reversing  the  latter,  it  reads  400  W  Whai  is  the  total  power 
absmrhed  by  the  circuit  and  ihc  power  factor?  1 444(1  W;  0.49 1  {Sheffield  Unfit  U.K.\ 

4.  The  power  taken  by  a  3-phasc,  400-V  motor  is  measured  by  the  two  wattmeter  method  and  the 
readings  of  the  two  wattmeters  are  460  and  7H0  watts  respectively.  Estimate  the  power  factor  of  the  motor 
and  the  line  current  [(1.913.  1.96  ,\|  {City  Jt  Guttd\.  London  1 

5.  Two  wattmeters.  W  and  W.  connected  lo  read  the  input  to  a  three-phase  induction  motor  running 
unloaded,  indicate  1  t\V  and  I  kW  respectively.  On  increasing  the  load,  the  reading  nn  H  (  increases  while 
that  on  IV,  decreases  and  eventually  reverses. 

Liplain  the  above  phenomenon  and  find  the  unloaded  power  and  power  factor  of  the  motor 

(2  kW.  9JS1  fag}  {London  Univ.} 

6.  The  power  flowing  in  a  3-  *  .  3-wtre.  halanced-load  system  is  nkeasured  by  the  two  wattmeter 
method.  The  reading  on  wattmeter  A  is  5.000  W  and  on  wattmeter  8  is  -  1,000  W 

lo)  What  is  the  power  factor  of  the  system? 

(6)  If  Ihc  voltage  of  Ihc  circuit  is  4410,  what  is  the  value  of  capacitance  which  must  lie  introduced  mm 
each  phase  lo  cause  the  whole  of  the  power  measured  to  appear  im  wattmeter  A? 

[0J59;  5 A3  Q|  IMe/erj  and  Mens,  tnm.  A.M.I.E.L  Luittion) 

7.  Two  wattmeters  arc  connected  to  measure  the  input  to  a  4O0  V:  3-phasc,  connected  motor  outpulting 
24.4  kW  at  a  power  factor  of  0.4  flag!  and  SO1*  efficiency  Calculate  the 

Irl  resistance  and  reactance  i»f  nrntor  per  phase 
Hi)  reading  of  each  wartnveters- 

2-55  £2;  5J15  Oi  t«)  34,915  W:  -  4850  Wl  {Elect.  Machines,,  A.M.I.L.  Sec.  H.  IWi 
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H.  The  reading*  trf  ihe  two  itwtntmenis  cimneued  lo  *  balanced  tluee-phase  load  are  !2ft  W  and  5*  W 
When  a  resistor  of  about  25  fj  is  added  lo  each  phase,  die  reading  of  I  he  second  instrument  is  reduced  id 
lero.  State,  giving  reasons,  the  power  in  the  circuit  before  the  resistors  were  added.  [72  W[  (London  Univ.) 

9.  A  balanced  stu; -connected  load,  each  phase  having  it  resistance  of  10  il  and  inductive  reactance  of 
30  Q  is  connected  to  400- V,  30- Hz  supply.  The  phase  rotation!*  read,  yellow  and  blue.  Wattmeters  con- 
nected in  re^d  mul  power  have  their  current  coils  in  the  red  and  blue  lines  respectively.  Calculate  the  reading 
an  each  wtituueier  .i;id  draw  ii  veeior  Ji;i£r,im  in  e\j>luju!i>in.  |2I90  VV,  -  583  W]  {London  Univ.) 

10.  A  7.46  kW  Induction  motor  runs  lium  a  3-phase.  400- V  supply  On  no-loud,  the  motor  takes  a  line 
current  of  4.  A  at  a  power  factor  of  0.208  lagging.  On  full  load,  it  operates  at  a  power  factor  of  0.88  lugging 
and  an  efficiency  of  89  per  cent.  Determine  the  readings  on  each  or  (he  iwo  wultmelerH  connected  lo  read  the 
total  power  on  {a)  no  load  and  lb}  full  load.  ]10?n  W.  -  494  W:  WOO  W;  2890  W] 

11.  A  balanced  inductive  Itwd.  connected  in  star  bctpn*  415-V.  50-Hz,  three-phase  mains,  takei  a  line 
current  of  25A,  The  phase  sequence  is  RYB.  A  single-phase  wattmeter  has  its  current  coil  connected  in  the  H 
line  und  n*  voltage  cofl  across  the  tine  HI.  With  these  connections,  the  reading  is  ft  kW.  Draw  the  vector 
diagram  and  find  (il  the  kW  Hi)  the  kVAR  Uii)  the  kVA  and  \     the  power  factor  of  the  load. 

Hn  II  45  kW  I/O  UJJ7  kVAR  W)  IB  kVA  Itv,  Qj&i]  (Ory  A  Guilds,  London) 

19.27.  Douhlt  Subscript  Notation 

In  symmetrically-arranged  networks,  it  ts  comparatively  easier  and  aciuall)  more 
.udianiimgeous.  to  use  single-subscnpl  notation.  Bui  for  unbalanced  3-phasc  circuits,  it  ts  essential 
to  use  double  subscript  notation,  m  order  to  avoid  unnecessary  confusion  which  is  likely  to  result 
in  serious  errors. 

Suppose,  we  are  given  two  coils  are  whose  induced  rm.fs  are  60s  out  of  phase  with  each  oihcr 
[Fig.  19.65  (a)].  Next,  suppose  that  il  ts  required  to  conned  these  coils  in  additive  scries  i.e. 


JO  'OO0O0QCC 


 J*1 

1— 1 


e  o — 'oootxrorjtf 1 — o  <l  <— 1  L-  i — 'gpofloOOO'1 — o  d 

(to  ft)  <ti  (dt 

Fl*>  I9.ft5 

in  such  a  way  that  their  e.m.fs.  add  at  an  angle  of  60°,  From  the  information  given,  il  is  impossible 
to  know  whether  lo  connect  terminal  'a'  to  terminal  'r'  or  to  terminal  'tT .  But  if  additionally  il 
were  given  that  c.nxf.  from  terminal  V  to  terminal  '<T  is  60s  out  of  phase  w  ith  that  from  terminal 
'a  to  terminal  b' .  then  the  way  U>  connect  Uie  coils  is  definitely  fixed,  as  shown  in  Fig.  19.59  {b) 
and  19.60  (o).  The  doublc-suhscnpi  noiuiiim  is  ohvinusly  very  convenient  in  such  cases.  The  tinier 
in  which  these  subscript  arc  w  riiten  indicates  the  direction  along  which  the  voltage  acts  (or  cur- 
rent flows j  For  example  the  ejn.f.  V  to  'b*  [Fig.  19.59  (a)],  may  be  written  as  E  and  that  from 
f  lo  V  as  F.  j...  The  e.m.f,  between  'a'  and  '<£  is  £—  where  E— =  E^  +  E^and  is  shown  in  Fig. 
19J9  \b\. 

Example  I9JI2.  If  in  Fig,  /V.flO  (a),  terminal  'b'  la  connected  to  *d\find  E^ffE^fOOV, 
Solution.  Vector  diagram  is  shown  in  Fig.  19.60  fir) 
Obviouslv,  E  =  E  .  +  E.  =  E  .  (-  E  J 

av        or        an  or 

Hence.  is  reversed  and  tuJJril  to  Ejh  lo  gel  E  as  shown  in  Fig.  19.60  (h)  The  magnitude 
of  resultant  vector  is 

£(B.  =  2vl00cosl20°/2  =  IIK>V:  E^  =  |<yjz-G0° 
Example  hi  Ft%  1^.66  id  I  « rf^r  u  nnuuil  'h'  nmnt\ted  in  'J',  find  E 

Soiulion.  E    -  E  ,  +  E    =  E  .+  t-  E  i 

As  shown  in  Fig.  19.67.  vector  E^is  reversed  and  then  combined  with  EfJ  lo  gel  E 
Magnitude  of  E    is  given  by  2  x  100  x  cos  60*  =  100  V  but  it  leads  E^  by  120".  °* 
E.  =  I00Z1200 
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Ft*.  l<9&>  flf.  ]■>.<,' 

In  Fig  19,68  (b)  is  shown  the  vector  diagram  of  (he  e.m.Fs  induced  in  the  three  phases  I,  2, 
3  (or  R.  Y,  B)  of  a  3-phase  alternator  [Fig.19.68  (til].  According  io  double  subscript  notation,  each 
phase  e.nvf-  may  be  written  as  E(ir  E|rr  and  £iyy  the  order  of  the  subscripts  indicating  the  direction 


in  which  the  e.m.fs.  act-  II  is  seen  thai  white  passing  from  phase  I  lo  phase  2  through  the  external 
circuit,  we  arc  in  opposition  to  Effi. 

Eu "  Ejo  +  ^ot =  (~  Eta*  +  Eot =  Eo*  ~  ^ 


K  —  TJOOO  1 — • 


^ni 


rm  'hi  it*-** 

Fig,  19.68  H*.  19.  m 

It  means  that  for  obtaining  E  ,  E:(j  has  to  be  reversed  to  obtain  -  E^  which  is  then  com- 
bined with  K()]  to  gel  E,;  tFig.  19.69).  Similarly. 

EU~  Eoj=  <-  V  ♦  Eo>*  Ea:-  E« 

By  now  it  should  be  clear  that  double-subscript  notation  is  based  on  lettering  every  junction 
and  terminal  point  of  diagrams  of  connections  and  on  the  use  of  two  subscripts  with  all  vectors 
representing  voltage  or  current.  The  subscripts  on  the  vector  diagram,  taken  from  the 
diagram  of  connections,  indicate  that  die  posi- 


tive direction  of  the  current  or  voltage  is  Irom 
the  first  subscript  to  the  second.  For  example, 
according  to  this  notation  I  represents  a  cur- 
rent whose  +  vc  direction  isfrocn  a  to  h  in  the 
branch  ab  of  the  circuit  in  the  diagram  of  con- 
nections In  the  like  manner,  E  represents  the 
c.m.f.  which  producer  tbi-,  current.  Further,  1^ 
will  represent  a  current  flowing  from  b  to  a, 
hence  its  vector  will  be  drawn  equal  to  but  in  a 
direction  opposite  to  that  of  l.fe  1    and  I 


viz  --^oooo' 


I 

— ■ 

I 


Fig.  [MM  <a| 


differ  in  phase  by  180*  although  they  do  not 
differ  in  magnitude. 

In  single  subscript  notation  (i.e  the  one  in  which  single  subscript  is  u>ed)  The  +  ve  directions  ;tre 
fixed  bv  putting  arrows  on  the  circuit  diagrams  as  shown  in  Fig.  19.69  (a).  According  tn  this  notation 

Eu  =  -EI+Ei  =  E,-ErE23--E>  +  EiI3EI-E3l,adEJ«"-E.  +  EJ  =  E3-Ei 
ar  E*>  =  E*  ~  Er  Era3  Er  ~  Er  E*Jt  *  Ea  _  Eir 


U12 
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Vjj  —  6Z  —  fill3 ; 


Example  19.54.  Given  the  phasors  Vfg  =    IQZW.V^  =SZO";  wu 

\\s  =  I0Z90°.  Ftnd  <i)  V(j(iif  V^tutd  \iii\ 

Solution.  Different  points  and  the  voltage  between  Lhem  have 
been  shown  in  Fig,  19,70. 

(0  LI  sing  KVL.  we  have 

Vu  +  Vu  +  V.i  =0orVJ1+Vjj-V1J  =  0 
or  V„  =  V12  +  V;,  =  lQZ3(r+5Ztt>=  8.86  +  y'5+S 

m  Simflariy,  V13  +VM  +  V4,  =0 or  V^+V^  -V,4  =0 
or    Vw  =  Vt4  -  V13  =  6Z  -  60*- 1 4.7Z7fX2B 

m  3  -  A3  - 1 3.86  -  j5  =  - 10.86- jl  0,3  s»  15Z226J*0 
Ori)  SinUlarty.  Vu  +     +  V,,  +  Vaa  =  0 

or  V1,+V>t  +  Ve-V^=0 

or  VH  =  VD  +  V„  +V4J  -  5Z0a+]5Z226,SD+J0Z9«r' 
=  5- 10.86  -jlOJ+yl0=  -5.86  -j0J  =  5.86  -Z23P. 

kvumple  19.55.  In  a  balanced  3-pl<ase  Y-conneited  voltage  same  havmq  phase  sequence 
abc.  V^-HOZlOT  .  Calculate  analytically  (ii  V!m  (ifj  (tf/J  f/vj  Mid  IVl  Vra  Show 
the  pluise  ami  line  voltage*  on  a  phaxor  diagram. 

Solution.  It  should  be  rioted  that  V  stands  for  the  voltage  of  terminal  a  with  respect  to  the 
neutral  point  n.  The  usual  positive  direction  of  the  phase  voltages  are  as  shown  in  Fig  19 .71  (a). 
Since  the  3  phase  system  is  balanced,  the  phase  differences  between  the  different  phase  voltages 
arc  120s 


Fib.  l'J.70 


(i)  Vta  =  Z- 120°  -  230  Z(30°-l 20° )  =  230Z  - 90° 

(ft  VL  =  vmz\w-  230  ztw+iar ) = buzi  504 


Fig.  19.71  m 


w 

\tiil  ll  should  he  kept  in  nimd  that  t'^slands  lor  (he  voltage  of  point  a  with  respect  to  poin( 
b.  For  this  purpose,  we  start  from  the  reference  poinl  h  in  Fig.  14  71  <ui  and  go  to  point  ti  and  lliul 
lhir  sum  uf  l he  voltages  mot  on  the  way.  As  per  sign  convention  given  ill  Art,  19.27  as  we  go  from 
h  to  n.  there  is  a  fall  in  vol  tug  e  of  by  an  amount  equal  to  V  .  Next  as  we  go  from  n  to  a.  there  is 
increase  of  voltage  given  by  V  . 

,  +  V,,  =  V**-      -  230Z3OD-230Z-9O,: 
=  130  (cos  30°+ >  sin  30°  t  -  230(0  -  j  sin  90° ) 


\'ut,  **t 


+  J230  =  230 


k§  .3' 
— +j- 
2  2 


=  230>/3 


fl  73- 
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f  fv)  Vh  =  Vta  -  V„  =  230Z  -9O°-230Z150D=  -J230  -  230 


2~J  2 


=  4O0Z-6O" 


^HM-400ZJ8fr 


These  fine  voltages  along  with  the  phase  voltages  hiive  been  shown  in  the  phasor  diagram  of 
Fig.  1 9.71  (b). 

Kxamplc  l9Jiti.  77irf<?  mm -inductive  resistances,  each  of  1 00  Q  are  connected  in  star  to  a 
i'phasr,  44(hV  supply.  Dure  equal  vtii>kim>  <  oils  are  also  connected  in  delta  to  the  mow  supply, 
the  remuuiti-e  of  one  t  oil  being  equal  to  IW  <i  Calculate  {a}  the  tine  .  utrenl  and  tin  (he  /tower 
factor  of  the  system.  (Elect.  Technology- II,  Sumhal  I'nh.  1987. 

Solution.  The  diagram  of  connections  and  the  vector  diagram  of  (he  K-and  d-connccccd 
impedances  arc  shown  in  Fig.  19.72. 


Fig,  W.71 

The  voltage  E|0  between  line  I  and  neutral  is  taken  along  the  X-axis  Since  the  load  is 
balanced,  it  will  suffice  to  determine  die  current  in  one  line  only.  Applying  Kirchhoff's  Law  to 

junction  1.  we  have  l|,  -        I13  +  ij} 

Let  us  first  get  the  vector  expressions  for  E  f  E^  and  Ew 


440, 


'in 


-^(1  +  J0)  =  254  +  JO..EJO  =  254 


=-127 


[  2      2  ) 


127  + J220 


Let  ui  now  derive  vcclor  e*pres.sinns  for  V(,  and  V 
V  -  E  +        E  -      ■  (254  +  JO)  -  (-  127  -j220<  -  ;  s  I  +  /zio 
E|0+  ^,»In-  E!)(y=  (254  -JO)  -  <-  127  +/220)  =  3*1  -J220 

Z,       100  zA  /too 


1 


HI 


11     Z4  JIO0 


120° 


((f)rtt*O54+j0)  +  (2.2-j3.80+(-L2-A8l>  =  (2-54-p.62)  =  8.03  £  -71.6' 


fig.  19.7.1 
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(bi  pX  -  cos  71.6°  =  <U1G  llafil 
Alternative  Method 

This  question  may  be  easily  solved 
by  &}Y  conversion.  The  star  equivalent 
of  the  delta  reactance  is  100/3  £i  per 
phase, 

A.i  >J«mii  is  Fig.  19.73.  [here  arc 
now  two  parallel  circuits  across  each 
phase,  one  consisting  of  a  resistance  of 
100  fi  and  the  other  of  a  reactance  of 

ioo/3fi 

Taking  fiL  us  the  reference  vector. 


we  have 


E|fl  =  (254  +  ,0) 


254  + Hi 
100 


=  2.54 +  j0;  12  = 


154  + jO 


jlOtl/3 
-/7.62j  =  8.03  Z-71,66 


=  -±7.62 

big.  19.73  it>) 


Line  current  I  a  (2.54  +  JO)  +  {-/7.62)  =  (2.54 

19.28.  Unbalanced  l.iuds 

Any  polyphase  load  in  which  the  unpeduiiLcs  m  one  or  more  phases  differ  from  the  imped- 
ances of  other  phases  is  said  to  be  an  unbalanced  load.  We  will  now  consider  different  methods  to 
handle  unbalanced  star-connected  end  delta-connected  loads. 

19.29.  Unbalanced  A-connected  Load 

Unlike  unbalanced  K-connected  load,  the  unbalanced  A-connccled  load  supplied  from  a  bal- 
anced 3-phase  supply  does  not  present  any  new  problems  because  the  voltage  across  each  load 
phase  is  fixed.  Il  is  independent  of  the  nature  of  the  load  and  is  equal  to  line  vnltage.  In  Cud.  the 
problem  resolves  itself  into  three  independent  single-phase  circuits  supplied  with  voltages  which 
are  120°  apart  in  phase. 

The  different  phase  cut  rents  can  be  calculated  in  the  usual  manner  and  the  three  line  cur- 
rents are  obtained  by  taking  the  vector  difference  of  phase  currents  in  pairs. 

If  the  load  consists  of  three  different  pure  resistances,  then  trigonometrical  method  can  be 
used  with  advantage,  otherwise  symbolic  method  may  be  used. 

Kvaniple  19.57.  A  3*fihitsi\  1-ivire.  240  vols,  CM  lytfcrn  supplies  a  dt/lii-nmrutted  l,nu!  in 
2$  ZW,  Z^.  *  !5  Z        =  20  Zt>"  ithttu.  find  the  line  currwm  and  total 
pmire.  \d\;mccd  Elect.  Machines  A.M.I.E.  See,  H,  Summer  1991) 

^i.inliiiii.  As  cxpljined  in  An  14.2,  .i  i-ph.ce 
system  has  only  two  possible  sequences  :  ABC  and 
CBA.  In  the  ABC  sequence,  the  voltage  of  phase  B 
lags  behind  voltage  of  phase  A  by  120"  and  that  of 
phase  C  lugs  behind  phase  A  voltage  by  240".  In  the 
CBA  phase  with  can  be  written  as  A  -*  C  -*  B.  volt- 
age of  C  lags  behind  voltage  A  by  120°  and  that  of  B 
lags  behind  voltage  A  by  240".  Hence,  the  phase  voli 
age  which  can  he  written  as 


Uiil 


£C4  =  EZ-24(T  „eca 


Fitt.  19.74 
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'AH 


'CA 


240Z0° 

2SZ90D 

240Z120" 

iszao*3 

It™ 

240Z-120 

:ozoe 

=  9.6Z  -  90*=  — j9.6  A 
=  16Z90°=/16  A 
=  1 2Z  - 1 20°  -  1 2(03  -  /0.866)  =  1-6  -  ;  I 0.4 )  A 


The  circuit  is  shown  in  Fig.  19.74. 

Line  current      =  /    +  I    =  =  ^9.6  -  <-6  -/10.4)  -  6  +  yO.08 

Line  current  /    =  /    -  f  =j\f>  -{-j9.f>)  =  /25.6  A 

're  =  ^  _  V=  <jfe  -  y!0-4>  -  j  16  »  1-5  -  j26.4)  A 
Now'  /f^  -  O.       =  15  cos  30  =  I3Q  ;  Iby.  ■  20Q 

Power 

Total  Power  =  3328  +  14580  =  17.908  W. 

Kxnmplt*  19,58.  in  the  network  „f  Fii;  !l>  ?<  I.    =  2  W  /\y  and  the  phase  seaueiuf  i.v  din : 
/■iW  the  line  t  urrenu  /  ,  /  utu!  I  a\  utxt>  the  phase  curtvntx  I     /    and  I  . 

^iu'  ^nft'  ^iir  "  u^mftim  ed  three -piutse  wltaue  system  with  pwxe  wi/wVrtfe  o)m  . 

(Network  Theorj,  Naeiiur  liniv.  I993i 
Solution.  Since  the  phase  sequence  is  ahr,  the  generator  phase  vuIliu.cs  are: 

E„  =  320Z0D:£ll(,  =  230Z  -  I2(f  :E„r  =  230Z12n° 


VI,  J 


..ill 


\ 

As  Seen  from  the  phasor  diagram  uf  Fig.  19.75  lb),  the  line  voltages  are  as  under 


V.=E   -£  -V 

.Tft        mr        fJ'  in 


E  ,-E   ;  V   =  £'    -  /: 


'■      =  i/3  x  230^30  n=400Z30°  Leit  is  ahead  of  the  reference  generator  phase  volLagc 
£M  by  30°. 

=  </3  x  230Z90n=400Z-90°,        voltage  is  90"  behind  E    but  120°  behind  V 

VM=  ^3  x230Zl50°=400Z]50c  01  Z-2I0°.  This  voltage  leads  reference  milage 
by  150°  but  leads      by  120*. 

I'licf  v » -I  j;u>e  s  .iiv  .sjiplied  across  the  unbalanced  A- connected  lead  as  shown  in  Fig.  19.75  «'>. 
ZAft  ~  30  +  /40  =  SOZSll'iZ^  *  50  -  J30  -  58JZ  -3la. 
ZCA~  40  +  ;30  =  50Z36.9° 


/    =    "  —  _ 


-«i(iZ3fJ" 


-AS 


50Z53.I0 


=  8Z-23,r=7J6-jf3J4 


L..-  j*-  =  40°Z~g0°  -  6.86Z  -  59°=  3J3- j&88 
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4UOZ1500 


=  BZII3.r  =  3.l4  +  jr7J6 


'a  ~  50Z3690 
*„  -  'as  ~ !ca  -  736-/3,1  A  +  3.14-/736  =  iOJS- /10JS  -  14.85Z  -45n 
'A  =  1bc-Ub  =  3^3-^5^-7364^114  = -3,83-/2.74  =  4.71Z- 215.6° 
=  'a  -  '  sc  =  -W  4  +  J7-^  -  3.53 + 75.88  =  H5.67 3.24  =«  4.BZ  II  6.7s 
Example  For  ;/«•  unbalanced  4-conncttcd  ftftMl  fi/  Rfc  '9,76  la),  find,  the  plm.w 

current.!,  tint  current*  and  the  total  pnwer  consumed  try  the  lead  whsn  pluise  wqitcnce  is  in)  abc 
and  \h\  acb. 

Solution  iw  F'hiise  '.fqucmc  abc  (Fig,  19-76). 
Lei  V    =  IOOZOD=  100+  JO 


V    =  IOOZ-l20°  =  10of--j— 


--50-J86.6 


v   =  IOOZ102°=IOO 


=  -5Q+j86.6 


4  j  "i  Phase  currents 


fat 


I  ijt,  r!».76 


Phase  cuireiu,  I  -  ^aL  =  IHi^  =  6- j?8  =  t0Z-53°8 
Similarly,    lh.  =       =  — 30— jS6ii  =  ^  ^  ^  =  ,  „z  _ ,  56a52' 


8  +  ;6 
j0+j8l 
4-/3 


*f„-^  50+j86.6  = 
do  Line  Currents 

Line  Current        =  1^  +1^  =  1^  L[tf  =  (6-7B)-  l-i839+/7.86> 
-  24,39  -  JI5.86  -  29,IZ-  33°2' 

Similarly.  I6'<,  =  1&  +1^  =  lfc  ~U  =(-92-/l93)"{6-j8)  =  -I5L2+j4JD7=  E5l73ZI65°30' 

l/*  =I™+If*  =Iffl-Ife  =  t-.839+j7,8G)-<-9:2+/3.93} 
=  9.19+  ;i  1.79=  !  4.94  Z52°3' 
Check  H  =  0  +  jf0 
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IV  =  llR^  =  ID2  x  8  -  800  W 
= /Iff  =202x4  =  1600  W 


Total  b  3000  W 
i     Phase  sequence  Heh  {Fig,  19.77) 

Here,  =  100/0"=  1 00  +  j9 


V*  =  1 OGZ 1 20°-  -50  +  86.6 

Vft,  "  10QZ - 1 20°=  -50  -  jM.b 
(A  Phase  Currents 

100 


6  +  j& 

-50+jS6.6 
8  +  j6 

-50+^86.6 


=6-j8  =  L0Z-53°8' 


(L2+i9.93)-IOZB°»' 


=  i2.4-j]9.86)  =  20  -  83D8' 


7+p 
mi  Line  Currents 

=  (6-  /8)-  (Z4  -J19M}  =  (3.6  +  ;]  1.86)  -  1 239/73*6' 

!^  a  {12+  j933)  -  (6  -  y8)  -  (-4.8  +  /I 7.93}  =  18J56ZI 05° 

1^  =  (2,4-  j!9J86)-(U- j9.93)  -  (1.2-/29.79)  =  29.9Z-87M2' 

it  is,  seen  that  O  =  0+ jO 
(m)  Power 


=  IO-x6 

=  600W 

=  102x8 

=  B00W 

=  202x4 

=  1600W 

Total 

=  3000  W 

-  as  before 

[[  will  be  seen  that  the  effect  of  phase  reversal  im  an  unbalanced  A-connected  load  is  as 


(0  phase  currents  change  in  angle  only,  their  magnitudes  remaining  the  same 
Ui)  consequently,  phase  powers  remain  unchanged 
(Hi)  line  currents  change  both  in  magnitude  and  angle. 
The  adjoining  tabulation  em- 


phasizes the  effect  of  phase  se- 
quence on  the  line  currents  drawn 
hy  an  unbalanced.  3 -phase  load. 


Line  Ampere  Sequence       Sequent :e 

a  b  c  c  b  a 


a 

b 

c 


29.IZ-33a2' 

I573ZI65* 

I4.94Z52°3' 


12J9Z73.r 
I8J6Z1053 
29.9Z- 87,7s 
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Example  19.6U.  A  balanced  J-pltase  supplies  tut  unbalanced  J -phase  delta-connected 
load  made  up  of  to  resiston  100  Q  and  a  mac  tor  having  an  inductance  of  O.J  H  with  negligible 
resistance  Vf  =  HK>  I  at  M>  Hz.  Calculate  (ai  the  total  pmver  in  the  system. 

(Elect.  Engineering- 1,  Madras  |lnh.  1  VKHi 
Solution.  The  A-connected 
load  and  its  phasor  diagram  are 
shown  in  Fig.  19.78  {a). 

Jrt=mt  =  3142x02 
m  94.311 
Let     ¥^  =  100^0°=  100  +  JQ 


Re.  VEM 

100^120°=  -50 +j  86.6 

^  I00Z0° 


Vv  =100Z-120,J 
=  -S0-;TJ6.6 


=  I3Z0°=I  +  ;TJ 


I 


\QL)Z{f 


w  - 


I00Z0" 
100^1 20* 


=  1 .06  Z  -  2 1 0°  =  -0:92 + yO.53 


=  ft5Z]  20"=  -025+ jO.43 


?  /  Jfrt  =  10U:  / 100  =  100  W;  VARs  -  0 


200Z06 
Watts  in  branch  ah  a  V^, 

Wails  in  branch  frr  =  0;  VRAs  =  100  x  1.06  =  106  (lag) 

Wats  in  branch  ru=  V(J  I R<c  -  1002 /200  =  50  W;  VRAs  =  0 

(at  Total  power  =  100  +  50  =  150  W:  VARs  m  106  (lag) 
1 931).  Four-wire-  Sl»r-v»nnccted  Unbalanced  Loud 

It  is  the  simplest  case  of  an  unbalanced  load  and  may  be  treated  as  three  separate  single- 
phase  systems  with  a  common  return  win:.  It  will  be  assumed  thai  impedance  i>t'  the  line  wire*-  ^uid 
uTiirct  phase  winding  s-.  fen.>  Should  such  an  assumption  be  unacceptable,  these  impedances  can 
he  added  10  ihc  load  impedance.'  1  nder  these  conditions,  source  and  load  line  terminals  are  ai  the 
same  potential. 

Consider  the  following  two  cases: 

(/)  Neutral  wire  of  zero  impedance 

Because  of  the  presence  of  neutral  wire  (assumed  to  behaving  7ero  impedance),  the  star 
point*,  of  the  generator  and  load  are  Ued  together  and  arc  at  the  same  potential  He  nee,  the  voltages 
across  the  three  toad  impedances  are  equalized  and  each  is  equal  to  the  voltage  of  the  correspond- 
ing phase  of  the  generator.  In  other  words,  due  to  the  provision  of  the  neutral,  each  phase  voltage 
is  afitrc-rd  voltage  so  that  the  three  phase  voltages  are  balanced  when  line  voltages  are  balanced 
even  though  phase  impedances  arc  unbalanced.  However,  it  is  worth  nuting  that  a  break  or  open 
I  zs  =  «• )  in  the  nuetral  wire  of  a  3-phase,  2-wire  system  with  unbalanced  load  always  causes 
large  (in  most  cases  inadmissible)  changes  in  currents  and  phase  voltages-  It  is  because  or  this 
reason  that  no  fuses  and  circuit  breakers  are  ever  used  in  the  neutral  wire  of  such  a  J -phase 
system. 

The  solution  Tor  currents  follows  a  pattern  similar  to  thai  for  the  unbalanced  delta. 
Obviously,  die  vector  sum  of  the  currents  in  the  three  lines  is  not  7-em  but  is  equal  to  neutral 
current. 
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tiii  Neutral  win.-  with  uniM-dame  7.N 

Such  a  case  can  be  easily  solved  with  the  help  of  Node-pair  Voltage  melhtnl  as  detailed  below. 
Consider  the  general  case  of  a  V-  eo  -r*  system  with  a  neutral  wire  of  impedance  2ft  as  shown  in  Fig, 
19.79  (a),  As  before,  the  impedance  of  line  wires  and  source  phase  windings  would  be  assumed  to  be 
sera  so  that  the  line  and  load  terminals,  R,Y,  8  and      Y'.B'  are  the  same  respective  potentials. 


Fig.  19.79 


According  to  Nmic-pair  Voltage  method,  the  above  star-to-star  system  can  be  looked  upon 
as  multi-mesh  network  with  a  single  pair  ol  nodes  Le.  neutral  points  N  and  AT.  The  node  potential 
i.e.  the  potential  difference  between  the  supply  and  local  neutrals  is  given  by 

,   _  EfjYf,  4-  ErYy  -  EB¥8 

V  ',  

where  VA.  Y,.  and  Yfl  represent  [he  load  phase  admittances.  Obviously,  the  load  neutral  N1  does 
not  coincide  with  source  neutral  N.  Hence,  load  phase  voltages  are  no  longer  equal  to  one  another 
even  when  phase  voltages  are  as  seen  from  Fig.  19.79  (/?). 
The  load  phase  voltage  are  given  by 


V,w  and 


The  phase  currents  are 


The  current  in  the  neutral  wire  is  f 


H 


V  V 


Nittc.  In  the  above  calculations.  {#  =  - 
Similarly,  lv  -  l'Y  =  I'iy  and  f'b  =  !Hlj . 

Example  I9.M.  A  1-nitust:  4-ivire  system  huvmg  a  2.%4-V  line -to-neiiJ  rat  fins  tin  following 
loads  ,.  >nm:  k        t«.i  <-»  tin  wi/viliu  tines  and  neutral;  Z^.  =  |0Z0    ■>>>">  />  -  1 1 1  __  > 
and  Zfl  =-  U)Z  -5.V  oAirz.  Calculate  the.  current  in  the  neutral  w:re  and  she  power  taken  by  each 
toad  when  phase  sequence  is  til  RYti  and  till  IWY. 

Solution.  (/)  Phase  sequence  RYB  (Fig.  19.80) 

Vm  -  254Z  -  120°;  Vs*  =  254Z1 20° 


-  254ZXF 


'an 


254  zry 
r„  ~  iozon 

254Z-120* 


25.4ZO- 


lOZJ7e 


=  23.4Z  - 157°=  25.4( -0.9205  -  /0.3907)  =  -2338-  /99.S 


Thu  method  i*  -similar  lu  Millnwini  Theorem  of  An.  19-32- 
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Rs- 


* 

254  V 


Bo- 


Fig.  IWW 


/  =/    =  -  =  254ZJ7T=25.4<^*925  +  /0.l219)  =  -252+ ai 

b     bn  10^-53° 

=  -  -  ^.4+{-23.38-./9.55)  +  {-  25.21  +  j3A)\  =  23.49  +  j6.85 

=  24.46Z161S' 
Now         ftR  =  \0iXRy  =  ]Qcvs3T=Ki.Ra  p  IDcasSJ^oQ 

Wj,  =  25.4*  x  10  =  M52W; Wr  =25.4 2  x8  =  5,1*2  W 

W,-2&4?x  =  3J87I  W 
(ill  Phase  sequence  RRY  [Fig.  19,81] 

=254Z0°:Vrv  =  254Z120° 

l*w  i 

Vjy,  -254Z-12QP 


lOZO0 
254^120° 


I0Z3T5 
=  (3.1  +  /252) 

254Z-I200 


=  25.4  Z%  ? 


=  25  AZ  -tT=  {9.95  -  /23.4 } 


"  IQZ-S3P 

= -38.45 -7L8  =  3S5Z-I77J- . 


Obviously,  power  would  remain  the  same  because  magnitude  Df  branch  currents  is  unal- 
tered. From  (he  above,  we  conclude  thai  phase  reversal  in  the  case  of  a  4- wux  unbalanced  load 
supplied  from  a  balanced  voilage  system  leads  to  the  following  changes: 

(i)  it  changes  [he  angles  of  phase  currents  but  not  their  magnitudes. 

(oj  however,  power  remains  unchanged. 

(ui)  h  changes  the  magnitude  as  well  as  angle  of  the  neutral  current  I  v 

Example  19.62,  A  3-^,  4-wire,  380-V  tupply  is  connected  to  on  unhuhmted  had  having 
phase  impedances  of:  7JR  ■  iX  +  J6\  Q ,  Z4  =  IX  Q  twid  Zfi  =  Jfl .  Impttlance  of  the  neutral 
Hire  is  ZN  =  10.5  +  jllQ. 

Ignoring  the  impedances  of  lint  ,,vn.       .  <. .  j  f  impedances  of  the  e-tn.f  sources,  fiiul  the 

phase  currents  and  voltages  of  the  load. 

Solution.  This  question  will  be  solved  by  using  Node-pair  Voltage  method  discussed  in  An. 
1 9 30-  The  admittances  of  the  various  branches  connected  between  nodes  N  and  AT  in  Fig.  19.82  (a). 


I'i fly phase  Circuits 

¥  =  ifZB  =  1/(8  +  fii  =  (0.08  -  jO.06) 

y*  =  \rz*  =  1/(8  -j*)  -  (0.08  +  jO.06> 

V.  =  1/2ife_  =  1/(5  t  j0>  =  0.2 

Yj«  l/2v=  17(0.5+ /I)  =  (04  -/).8> 

Lei  Eg  =  (380/  S)^"-  22QZO°  -2W+J0 

E}  =  220^-l20°=22O(~O5-/a.866)  =  -Ma-jl90 

EH  ■  220^120°=  22G(-05  +  /Qil66)  =  -l 10+ /1 90 
The  node  voltage  between  If  and  N  is  given  by 


'.SI 


1/-    _  £*y*+gir*i' 


ZOCNQJPg-pjDfei  +  i-l  10-  jTMK0-Qg  +  jOJ06>+(-1  IO  +  jl90)xQ2 
(Oj08  -  jO.06 )  +  (0.08  +  /0.Q6) + 0.2 + (0.4 -  jOug) 

-  ~**+J3  =-I4t  +  j0.76 
0.76 -jO.B 

The  three  load  phase  voltages  are  as  under 

V;  =  E, -V^  =  220+3.41  -  j0.7&  -  223.41  -  ;0.76 

v;  =  E,  -      =  (- 1 1 0  -  j90)  +  3.4 1  -  ;0,76  -  -1 06.59  -  /190.76 

Vg  =  Es  - - (-1 10-  J90}+ 3.41  -/0.76  -  -10659+ /19G.76 

a 


to 


Ha  10.82 


' *  "  KYH  m  <2214 1 "  P  16>  <om  ~  fit*)  = 1 7.83  -  ji  3.1  -  22.1Z  -  36.3*  A 
I*  -        =  (-10659  +  jr1 90.76)  (0.08  +  jQ£)6,  =  2.92  -  jf2L66  =  2I.86Z82.4"  A 
t't-Vp*  -(-10659+ /1 90.76}* 0.2 =-2L33+ /3785  =  43.45ZI  19.4* A 
l„  =  V^Y,,  =  (-3.4 1  +  y0.76H0.4  -  y0,8)  =  -0.76- /L03  -  3J2Z104.I*  A 
These  voltage  and  currents  are  shown  in  (he  phasor  diagram  of  Fig.  19.82  (b)  where  dis- 
placement of  the  ncuLra]  point  hast  not  been  shown  due  to  the  low  value  of  . 

V.i.'.  It  can  hi  >!nwvn  linn     ^  Ifi+I't  +l't 
WM.  I  n  balanced  Y-connected  Load  Without  Neutral 

When  a  situ- connected  load  is  unbalanced  and  it  has  no  neutral  win:.  Then  Us  star  point  is 
isolated  from  the  star-point  of  the  generator.  The  potential  of  the  load  star-point  is  differenl  from 
that  of  the  generator  star-point.  The  potential  of  the  former  is  subject  to  variations  according  to  the 
imbalance  of  the  load  and  under  certain  conditions  of  loading,  the  potentials  of  thr  two  star-  point 
may  differ  considerably.  Such  an  isolated  load  star-point  or  neutral  point  is  called  'floating*  neu- 
tral point  because  its  potential  is  always  changing  and  ts  not  Fixed. 

All  r'-coneded  unbalanced  loads  supplied  from  polyphase  systems  have  floating  neutral  points 
without  a  neutral  wire.  Any  unbalancing  of  the  load  causes  variations  not  only  of  the  potential  of 


6S2 
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ihe  slur-point  bill  also  of  the  voltages  across  the  different  branches  nf  the  load.  Hence,  in  thai 
t:axe,  phase  voltage  of  the  load  is  not  I  /  Jji  of  the  line  voltage. 

There  arc  many  methods  to  tackel  such  unbalanced  Y-conneeted  loads  having  isolated  neu- 
tral point*. 

t.  By  converting  the  ^-connected  load  to  an  equivaleni  unbalanced  A-conncctcd  load  by 
using  Y-  A  conversion  theorem.  The  equivalent  A-conncction  can  be  solved  in  Fig,  !U.K0.  The 
lint  currenis  so  calculated  ore  equal  in  magnitude  and  phase  to  those  taken  by  the  original  unbal- 
anced K-connectcd  load. 

2.  By  applying  KirchhofTs  Laws. 

3.  By  applying  Mil  Ilium's  Theorem. 

4.  By  using  Maxwell's  Mesh  or  Loop  Current  Melhod- 

19J2  Mlllman's  Theorem 

Fig.  19.83  shows  a  number  of  linear  bilateral  admittances,  ¥ ,   connected  tu  a  common 

point  nr  node  O'-  The  voltages  of  the  free  ends  of  these  admittance!)  with  respect  to  another 
common  point  O  are  V  „,  V'    ...  V    Then,  according  to  this  theorem,  the  voltage  or  q'  with 

1  10      30  no 


speet  to  o  «  gtven  by  V,  =  L_JL_^  — r  


ii 

5>> 


ro 
Fig.  fajj 

(V1'u-V;)Yl+fVa>-Vi;)Y3V...(VJ 
or  105  +  V^Y,  +...  *  V^{Y,  +Y,  +.-+Yt  +...) 

vm  - — 


Proof.  Consider  the  closed  loop  C?  Ok. 
The  sum  of  p.ds.  around  il  is  zero.  Starting 
from  o'  and  going  anticlockwise,  we  have 

Current  through  Yt  is  I'kn 

By  KirchhofTs  Current  Law,  sum  of 
currents  meeting  nt  point  Q'  is  zero. 

A  'ib  +  'm+- —'far- 
V(;)Y1+...  =  0. 


r,  +  r,+... 

19.33.  Application  of  KirchhoiT's  Laws 

Consider  the  unbalanced  l-connected  load  of  Fig.  1U.R4.  Since  the  common  poinl  of  the  three 
load  impedances  is  not  at  the  potential  of  the  neutral,  it  is  marked  1)'  instead  of  ,V~  T  ct  us  assume  the 
phase  sequence  sequence  V^,  Vv . Vm  Le.  leads  and  Vfe.  leads  V"v  Let  die  diree  branch  imped- 
ances he  Z  ,Z  and  Z  .  however,  since  double  subscript  notation  is  not  necessary  for  a  I'-conneeted 
impedances'  in  order  lo  indicate  to  which  phase  tl  belongs,  single-subscript  notation  may  be  used 
with  advantage,  Therefnre  Z^.Z^.Z^.  can  be  written  as  Zm>  Zfc,  C.  respectively.  It  may  be 


♦For  the  sake  of  avoiding  print  in  j;  difficulties.  «i  will  take  sin:  ln,«1       point  as  tl  Instead  of  0'  for  tht^ 

una. 
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pointed  uui  thai  double-subscript  notation  is  essential 
for  mesh-connecLcd  impedances  in  under  ta  make  them 
definite. 

Frtim  KirchofTs  laws,  we  obtain 


A83 


Fiji.  IV.IW 


=  +  'oaZ* 

and      +  'fcu        =  0  -  point  law 
Equation  (1).  (3)  and  (4)  can  be  used  for  finding  /, 
Adding  (ll  and  (3).  we  get 

Kd.  +      =  l^Z,  +  lJZk  4  I„ZC  +  l„Za 

=  i.*zh  +  ^z, + i^za  - /ja  =  /^z, + /rozr 

Substituting  I(M  from  equation  (4)  in  equation  (3),  we  get 

Y~  =  1„ZC  +      +/„  )Z„  =  /„(Z.  +Z. )  +  /MZa 
Putting  the  value  uf  /    from  equation  (5)  in  equation  (6),  we  have 

1 1 


CO 

(6) 


Since  VHl)  +  Vbc  +  Vt 


...  (7) 

Z.Z.  +  Z^  +  Z^ 

From  the  symmetry  of  the  above  equation,  the  expressions  for  the  other  branch  currents  arc, 

/./.,,  +Z(1Z.  +  z;.zfl 


Note.  Obviously,  the  three  line  currents  can  be  written  as 


f  __f  _  ^V^i  KaA 
op         «  " — k 


2>A 


rim   f   --/  ~ 


..■Hi 


(12) 


Example  19.63.  If  in  the  unbalanced  Y-ctmnccted  lt*id  of  Fig.  19.78.  Z  *  (10  +  pi,  Z^  - 

fj  ■+  /if  u/iJ  Z  -  10  ~  jlQ)  and  the  load  is  put  across  a  3 -phase,  200-V  circuit  with  balumcd 

voltages,  find  the  dure  line  currents  and  voltaic),  actnw.  mch  branch  tinpcdunif  .  .\\aumr  phase 

MMMHBfl  of  V  u  V,  V  . 
1  *     pw     be  at 

Solution,  Take       along  the  axis  of  reference.  The  vector  expressions  for  the  three  voltage* 


V*  =2OO^---j^-J  =  -l0O-jJ73.Z;  V„=200  —  =-100+ jl73.: 


From  equation  (9)  given  above 
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{-IQQ+  jl  712)  (3 + J4)  -  (200 +  JPXQ  -  jl  0) 
(0-  ylOXJQ+jO)  +  00+ jP0X3  +  }4}+Q  +  J4K0- /10) 


-9918 +J2 119.6 
70-/90 


= -20.02 +  /4J4 


(200  +  p)<0- /tQ)  -  MOO -/]  732*10+ JO) 


a0+ j*>X3+j4)+ (3+ j4)<0  -  JlO) +{0-  /10X10  +  JO) 


100Q-j2bS 
70-J90 


=  724  +  j5M 


Now,  I  may  also  be  calculated  in  the  same  way  or  it  can  be  found  easily  from  equation  (4) 
of  Art  19.33* 

I   nl    +  1^  =  -  I    -  I    =.  20,02  - J4JS4  -  7J34  -  j5,48  H  IZ78  - j  10.02 
Now  V  =t  r  Z  =  (-  20jQ2  +  JAM)  { 10  +  J0|  =  200.2  +  J45.4 

V^=  £  Z*  =  (7.24  +  J5.4B)  (3  +  J4)  =  -  0.2  +  J45.4 
V L  —  I   Z  =  <  12,7*  - /I0.02)  (0  -  7IO)  =  -  I00  2-/127.S 
As  a  check,  we  may  combine  V^.  V  Mil      lo  gel  the  line  voltages  which  should  be  equal 
to  the  applied  line  voltages.  In  passing  from  a  to  £  through  the  circuit  internally,  we  find  that  we 
are  in  opposition  to  V    but  in  the  same  direction  as  the  positive  direction  of  V  . 

=      +      =  -V„  +  Vrf  =  -H-2002+ /414)+(-02+j45.4)  =  2Q0  +  /> 

vir  -  V*.+V„  =-Vet  +  Vw  =-(-O2+/454)  +  (-1002-j]27,8)  =  -l0O->1712 

V.  =Vm*?m  =-V„  +V,M  =  -(-100.2+  jl27.8)+(-200.2+j45,4T  =  -lOO+j1732 

1934.  fX-ltWNLir  und  Stur/Delta  Conversions 

Let  us  consider  the  unbalanced  i  -connected  load  of  Fig,  19,85  (o>  and  V-connccted  load  of 
Fig.  19.85  ib).  If  the  two  systems  are  to  be  equivalent,  then  the  impedances  between  currespond- 
ing  pairs  of  terminals  must  be  the  same. 

'ii  IMUi'Siar  (  uimrMiMi 
For  K-load.  loial  impedanee  between  terminals 
1  and  2  is  =  Z,  +  Zj  {it  should  be  noted  that  double 
subscript  nutation  of  Z  and  Z^  has  been  purpose  1y 
avoided). 

Considering  terminals  1  uand  2  of  \  -load,  we 
find  dial  there  are  two  parallel  pallia  having  imped- 
ances of  Z  and  (Z  +  Z^).  Hence,  the  equivalent 
impedance  between  terminals  I  and  2  »  given  by 


! 

Z 


1 


1 


Z,3  Zjj+Zj, 


or  Z  = 


Zp j{Zjt|  +  Z  j  1 1 
Zj-s  +  Z-,^    Z  ^  j 


Z  (Z   4  Z  ) 

There  fore,  for  equivalence  between  the  two  systems  Z,  +  Z3  = — 13  ■  3*  


Adding  equation  (3)  to  (1)  and  subtracting  equation  (2),  we  gel 


^tJ  +Zj3  +Zj| 


~(3) 
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Zjj+Zjj+Zj,  Ztj+Zy+Zj, 

Z|j  +Zv,  +Zj| 

The  other  two  results  may  be  written  down  by  changing  the  subscripts  cyclically 

Z|2+Ztj,+Z^,  Z|J+Z^+Zj| 

The  above  expression  can  be  easily  obtained  by  remembering  that  (Art  2-19) 
Product  of  A  Z's  connected  to  the  same  terminals 


Start  Z  - 


Sum  of  AZ's 


In  should  be  noted  thai  all  Z'  are  tu  be  expressed  in  (heir  complex  form. 
tiii\  Slar/lH'lIa  (.'(inversion 

The  equations  for  this,  conversion  can  be  obtained  by  rearranging  equations  (4),  (5>  and  (6). 
Rewriting  these  equations,  we  get 


Dividing  equation  (7)  by  (9),  we  get  — -  =  — ^-  *  Zjj  =  Z,3 


Z;  Zjj 


Z     Z  z 
Dividing  equation  <8)  by  (9),  we  gel  — ^  =  z3l  m  — 

*5      Zj|.  "  Z2 


Substituting  these  value*  in  equation  (7),  we  have     ^z|2  •+•      —  -f  j 

Z_  i^Z-j  +  Z,Zj  +ZjZ|    _  ^  .  ZjZj 

12  ~  —  or      -  Ai  +  A2  +~ — 

i 

C-  _l  r»  n  rw  Z?Zl  ZlZ?  +  Z  >Z  3  +  f*l7*  I 

Similarly.    Z23~Z2+Zi  + 


z,  z, 


z^  =  z,  +  z,  + 

As  in  the  previous  case,  it  is  lo  be  noted  that  all  impedances  must  be  expressed  in  their 
complex  form. 

Another  point  tor  noting  is  thai  the  line  currents  of  this  equivalent  delta  are  the  currents  in 
the  phases  of  the  Y'Cormected  load. 

Example  19.64.  An  unbalanced  star-connected  toad  hits  branch  impedances  pf  Zf  ~  10 
Z  30*  Q,Z2=*  10  z~  45°  Q ,  Zj  =  20  z  W  Q  <PWl  is  connected  across  a  balanced  3-phase. 
3- wire  supply  of  200  V  Find  the  line  currents  tttul  the  volrtif>e  across  each  impedance  using  y  i  A 
conversion  methotl 


Ki(j,  19.86 
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Solution.  The  unbalanced  y^con- 
neeted  load  and  its  equivalent  A  -con- 
nected load  are  shown  in  Fig.  J  9,86, 

Now  2,2,  +  Z2Z3  +  Z3ZL  ^  (1(1 

Z30")  (10  Z-.15*)  +  (10  Z- 45* J  (20 

Z60*>  +  (20  Z60")  (10  Z  30L")  =  100 

Z-  15"  +  200  Z  15°  +  200  Z  90' 
Cahverting  these  into  their  cartraiau  form. 


we  gel 


=  100  [cos  (-  15°j  -j  sin  15"]  +  200  {cos  15°  +  j  sin  15*)  +  200  (cos  90°  +  j  sin  90") 
■  96  6  -/25.9  +  193.2  +  /5L8  +  0  +  Jim  =  289.8  +  /225.9  =  368  z  38" 


2,,  = 


2,Z,  +Z,Z, +Z,Zt  368Z3B" 


2UZ60" 


=  l8.4Z-22°=  17.0-/6.9 


36SZ3S* 
1OZ-30° 


=  36.8Z8:1=364+ /5J 


368Z381'  „ 

Z3I  -  —  =  36.8ZB3e=  4.49+  /365 

IOZ-45* 

Assuming  clockwise  phase  sequence  of  voltages  Vt„  Z,;  and  V3[1  we  have 
V|2=  200  Z0°.  VIj  =  200Z-l2OaTV3)=200Z1200 

V,. 


200Z0'1 
18.4Z-22' 


=  I0.86Z22°=10.07  +  /406 


I    -  v»  -  20t>Z-i20° 
Vx1  ~  36.8Z8* 


=  5.44Z-l28°--33S-/4.29 


Mi 


20QZ12Q0 
36^Z83" 


=  5.44Z37D=434  +  /3.2 


Line  current  =  \}\  *I^.*i6=lB  -I3, 

-  (10X37  +  /4.06)  -  (4 34  +  /3.2)  =  5.73  +  j0.86  =  5.1f>Z^ir 
h'i  =I;1  -1,2  =  (-335-/4.29) -(10.07  +  ;4.06)  = -1 3.42-/835  =  1 5.79Z  - 1 48*6' 

|»  =  1ji  "In  =  (434-/3.2) -(-335-/4.29)  =  769 +/7.49  =  lOL73Za44"l6' 
These  arc  eurnmis  in  the  plutses  of  die  Y-amnected  unbalanced  load.  Let  us  find  voltage 
drop  across  each  star-connected  hranch  impedance. 

Vallate  drop  across  2,  =  V,0  =  I, ',2,  =  5J6Z8D32'.IOZ30D=57.GZ38&3r 
Voltage  dntp  across  Z;  =      =      Z,  =  I579Z- 148"6.10Z-45&=  ]57SZ^I93D6' 
Voltage  drop  across  ZJ  =  Vw=  I£  Z3  -  10.73Z44'W.20DZS<F=  2146*  104*16' 
Example  19.65.  A  30D-V{luui  3-pluise  supply  feeds!  star-connected  load  consisting  of  nun- 
inductive  rrsixttirx  of  15.  6  ami  If)  Q  connected  to  the  H,  Y  and  B  lines  respectively  The  phase 
sequence  is  RYB.  Calculate  the  voltage  ucnms  each  resistor, 
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Solution,  The  ^-connected  un-  **o- 
hat  anted  load  and  Lis  equivalent 
A  ^connected  load  are  shown  in  Fig, 
19.87.   Using    YtA  conversion 
method  we  have 

_Z,Z1  +  Z3Z?  +  ZJZ1 
 *  L 


6K7 


90  +  60  +  150 

to 


=  30G 


Fifi.  19.87 


Z,j=  300/15  =  2011 

Z31  =  300/6  =  50f2 

Phase  current  Z^.  =      /Z,3  =  300/ 30  -  10A 

Similarly        /„  t.  Vw  /  Z,,  =  300  /  20  =  1 5  A 

/«,  =  Vw/ZJt=  300/50  =  6A 
Each  current  is  in  phase  with  its  own  voltage  because  the  load  is  purely  resistive 
The  line  currents  for  the  delta  connection  are  obtained  hy  compounding  these  phase  currents 

in  pairs,  either  trigonometrical] y  or  by  phasor  algebra.  Using  phasor  algebra  and  choosing  V„.  as 

(he  reference  axis,  we  get 

I  m  =  1 0+ /0: 1  n  =  1 5(-|  -  j&  1 2)  =  -73  -  /13.0;lm  =  6(-^+j73  /  2)  =  -3.0+ j52 
Line  currents  for  delta-connection  fFig,  19.66  (ft))  are 

I*  =  l*v  +l*i>  ^tgy-lsn  =  <10  +  ./0>- (-3+ j'5.2)=  13-/5.2  or  14  A  in  magnitude 

Ji  =,™+lra=fj*-l*|  -t-T&-J0#i-{tO+fl)  =  -173-/13  or  71.14  A  in  magnitude 

1ir=iM  +  Jffy=Ij}/»-lnJ  =  (-3-0 + p2) - (-73 -jl 3.0)  =  4 j  +  j  1 82  =  1 8.7  A  magni tudt 
These  line  currents  for  &  -connection  are  the  phase  currents  for  ^-connection.  Voltage  drop 
across  each  limb  of  V-connected  load  is 

V|N=tjSE,  =fJ3-y52){15+j0i=  195-78  volt  or  210  V 
V_-  1^  =  (-  173  -/I3.0K6  +  /D)  =  -  105  -  /78  volt  or  131  V 


V  = 


lyS,  =  f43  +  j\&.2}( 10  +  /0)  =  45  +  /182  volt  or  1S7  V 


As  a  check,  n  may  be  verified  iliai  the  difference  of  phase  voltages  taken  in  pairs  should  give 
the  three  lute  voltages.  Going  through  the  circuit  internally,  we  have 

V*r=  v™+  v*y=  v*Ar  Vnv=  <195  -  J78)  -  <l°5         =  300/0" 
Vrs  =  Vro~  Vi»  =  I-  105  -/78)-<45  +  /lH2)  =  -  150-/260  =  300  ^-1-0° 
Vf»  =  Vfl*-  V/cw  "  <45  +  il  K)  -  {195  -  Pi)  »  -  150  +  /260  =  300  z  1 20° 
This  question  could  have  been  solved  hy  direct  geometrical  methods  as  shown  in  Ex.  1932. 
I  sample  W.frfi.  \  i'-cmum-ied  tmitJ  r.s  suppittii  frum  n  400-V,  3-plwse,  3-wbn  swnmnincal 
system  RYB.  ITie  branch  circuit  impedances  are 

Z„  =  ID1/3  +  /tf>.  Z,  =  20  +  j20>fe;  ZH  =0-/10 
Ih'lrrmlne  ihe  curtail  in  each  branch.  Phase  sequence  is  RYB, 

Network  Analysis.  Nippur  l  niv.  IW3> 
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Solution.  The  circuit  is  shown  in  Fig,  19.88.  The  problem  will  be  solved  by  using  all  the 
four  possible  ways  in  which  3-wire  unbalanced  J'  connected  load  can  be  handled. 

Now.  =  20Z30° ■* (1 7 32 + flO} 

Zy  -  40Z60°=  (20+  /3464) 

Zfl  -  IQZ-90*=-/lD 
Abo.  let  -  4O0Z0°=  400  +  jO 

=  400^-120"= -200- j  346 

Vj,  =  4O0ZI 20°  *  -200  +  j34o 

la)  By  applying  kitrhbufTs  Lans  ^ 
With  rcfcitntt  LO  An.  1933.  it  is  seen  [ha! 


ZfiZy  +ZyZg+ZaZg  ZgZy  +ZyZg  +  ZgZff 

Z#Z(,  +  ZyZjj  +  ZgZg 
Now.   ZKZt. +ZvZfl+ZflZjr 

-  20 Z30*  40Z60<>+40Z60<5  J  OZ  -90°+l  OZ  -  90"  ,20Z30fl 

-  8O0Z9O°+40OZ  -  30°+200Z  -60°  =  446+ j426  =  bl7Z417D 

V/fl.Zff-VMZJ  =  400  x  I  OZ  -  90°-400Z  1 20°  .MiZm9 

-  16,000-  /4G0O  =  I6.49GZ  - 14*3' 

la^oz-u^ 

*  6I7Z43.70 

Vj,fl Z *  -  V.,, Z„  =  400Z  - 1 204 2OZ3O°-4O0.i 0Z-9O°= -J4000  -  4O00Z -  W> 

,      4000Z~90D  iJ0^ 

I  - — _  6.48Z  - 133.7° 

T  6I7Z43.70 

VMZr  -  V^Z,  -  4OGZ12fl^4OZo0D^WQZ- 120^20^30° 

-  -1 6,000 + jUOOO  =  1 7.B90ZI  53°26' 

l7,890Z.53^  =  29z|Qy4ii, 
6I7Z417° 

(b)  By  Star/Delia  (  nnvt'rsimi  (Tift.  lyJWi 

Ibe  given  star  ULiy  be  convened  into  the  cquivalcni  delta  with  the  help  of  equation!,  given  in 
Art.  19.34. 


_  z,z,  tz^tZA  =  eiT^ir  m  6[7^B1T, 

Za  SOZ-W 

Z,  20Z30° 

^^SITZ^^ 
w       ZK  4OZ60Cl 

V  400 


Ptttyphaxc  ( iri  uirs 


1     -  Vfl  _ 

I  _  ^BB  _ 
lBB  ~  ~  


400Z-  120" 
30-87Z13.70 

400Zj2ffI 


Fig.  1V.89 

=  I195Z- 133.7°=  ( -8.95  -f)35) 
=  2S.9Z1  36.3d  -  (-18.7  +  /17.9> 


I5.43Z-163° 

Ix'x  ^1*y    I br  =  H23-/215«  =  26.7Z-5r4S' 

l/y  =  I  ffl  -  lHY  =  -4.48-  /4.67  =  6.47Z  - 134%' 

f„  -  lm  -l„  =-9.85+ J27.25  =  »Z10r4S' 

II  =  (0  +  />>  -as  a  check 

Ah  explained  in  An.  I  St. 34,  these  line  currents  of  the  equivalent  delta  represent  the  phase 
currtnls  of  the  star-connected  lead  or  Fig.  19,89  («}. 

No  it-  Minor  differences  are  due  to  accumulated  errors. 
ic)  B>  I  sing  Maxwell's  Loop  Current  Method 

Lit  the  foop  or  mesh  currents  be  as  shown  in  Fig.  19.90.  It  may  be  noted  that 

lK  =  f,;I r  =  I;  -1,  and  la  -I> 
Considering  the  drops  across  R  and  r'-arms.  we  get 

Similarly,  considering  the  legs  K  and  ff,  we  have 

or  -l,Zr  +1i(Z» +Zr  >  =  Vm 

Solving;  for  I)  and  1  ,  we  get 

•  _    Vffr       +  Zj  J  +  Zrff  V) 


..  (I) 


Uil 


la- 


Vyfl  f Z  B  +  Z  pr  )  +  ^Jff  Z  y 

(Zv  +  Z,  )(Zr  +ZB)-Zf 


400( 20 +/24j64)  +  400Z  - 1 20°  .40Z60° 
(37.32 +  /44j64)C20+ /24j&4>-  16QGZ1209 

ln\00Q-  j4.00D  _  IM90Z-14°3' 
44S  +  /427    =  6I7Z43.7* 

26Z- 57*45' =  03,9-722) 


U  - 
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(-200  -  j346)         +  j44.64) + 400(20 +  /34f>4 ) 
4X4  +  i-ill 


I6,00CI-/H,Q0<J  _  I7.S90Z  -  26n34'  _7(m, 
-     448  +  ;427  dMZAYT 

=  28.4Z  -  70°I6'  =  (9.55  -  j26.7) 

ifl  =  I,  =  26Z-57D45' 

I j.  =  Ij  - 1 !  =  (955  -  J2&7) -  (1 39  -  /22)  =  -435  -  J4.7  *  6.5Z  - 1 34° 
lfl         =  -2S.4^-70°16'  =  28.4Z109D44' 
{(/]  Bj  lisint  Milhuiin's  Ihcumn 

According  io  ihis  theorem,  ihe  voltage  of  the  load  star  point  q'  with  respecl  to  the  star 
point  or  neutral  O  of  the  generator  or  supply  (normally  zero  potential)  is  given  by 


TOfJ  — 


'BO  1  J< 


Y»+Yv+Y- 


where  V'     V„„  unci  V„„  are  ihc  phase  voltages  of  the  generalor  or  3-pha.wr  supply. 
As  seen  from  Fig.  19.91,  voiuige  iicross  euc-n  phase  of  ihe  l«wii  is 

Obviously,  I =  t V,„  -        )  Y„ ;  I  f'a  =  < Vm  -  Y„.fl  >Y,  and 

I 


Here 


HIZ30P 
I 

40Z600 
I 


10Z-9O0 


=  0.O5Z  -  30°  =  (0,0433- jO.025) 
=  OD25Z  -  W=  f0j0l25  -  ^2 17) 
=  0.IZ90°=0+j(U 


•Incidentally.  i<  may  tic  notaJ  lhat  Mm  p.d.  bctwrcn  load  neutral  ami  supply  rwutral  is  jjivcn  by 

3 
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yK  +  Yy  +YB  =  0  J»58 + yO0333  =  0J077Z4370 

Let 


400 


J5 


Vflo  =  23 1Z  - 1 20°  =  - 1 15 J- ;700 
V-tl=23LZ120o  =  -ll5-5  +  /ZOO 
23 1 .0.05-*;  -  30°+23 I Z  - 1 20°  .DXK5Z  -  60cl+23 1Z 1 20°  D  1Z90° 


-15,8- /17J2 


Oj077Z43,7d 
23l5Z-1324Z 


=  305  Z-  176.1  =  I304J-/20JI1 


Dj077Z43,7°  0J077Z43.7 
v«b  =vjw-V£W  =23»-(-304j-j20J!)=5353+/20il  =  536Z2_2o 
VH'j  =  (-n5J-;20O)-l-3O4j-^0i8J«i  >89-/l79  =  260Z-43D27' 

=(-115-5  +  /200)  -  (-304 J  -  720,8}  =  1 89 + J22 1  =  29 1Z49°27' 
.-.         =  536Z22Dx0.05z  -  30° =  2625Z  -  27-8' 

VlV  =  260Z  -  43*27'  x  0.025  <  -60°= 6JZ  - 103°27' 
VfV  -  29  lZ49°27'x  0,1/90°=  29.1Z1 39*27' 
Nole.  As  seen  from  above,        =  V^,  ~\oo 
Substituting  the  value  of       .  we  have 


Vji  +  Vr  +  Y, 


Since  VmJ  is  taken  as  the  reference  vector,  then 
as  seen  from  Fig.  19.92. 

V„j.  -  400Z300  and  VM  -  400Z  -30° 

400Z30'M).025Z  -  60°+400Z  -  30*x0.1  Z90° 


2&£  +  JZ9M 


0.077Z437n 
4JZ46* 


=  532JZ23D 


0.077Z43.70  0,077/43.7" 
=       =  V'm*M  " 5325Z23*x0jQ5 x  Z  -  30°=  26.GZ -  27 7° 


Similarly,  Vj0  and        may  be  found  and  ly  and  1^  calcuLiicd  ihcnrffirrn. 

Example  19.67.  Three  impedances.  Z^  Zf  and  Zg  urr  connected  in  xltir  acmss  a  440-V, 
J-phaxe  supplv.  If  the  wtttage  of  siar-/n>i.it  relative  to  the  supply  neutral  it '200  Z  I5(f  lull  and  Y 
and  B  tine  airrrnn  are  W  Z  -  90"  A  and  20  AW  A  respectively,  all  with  respect  to  the  witage 
hft^cen  the  \upi>l\  neutral  and  the  R  line,  ridculate  the  \aluei  of?.g  Z  and  Z^ 

i  Elect  Cimrit:  Nbrput  Univ.  1991) 
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Solution.  Lei  O  and  q'  be  the  supply  and  loud  neutrals 
respectively.  Also,  let, 
440 

V|i0 = "7T  z°0zz  254ZW"254 + & 

Vro  =  254 Z  - 1 20*=  H  27  -  j220 
Vao  -  254Z1 20°=  -127  +  /220 
lr  -  10Z-90f  =  -jlQ;  IB  =  2OZ9O°=;20 

itt  =  -(ir+  ip  =^/IO 

Also.  V^,-200Z150°=-173+/IOO 

Vm)  -V^  =  254 -(-173+ ^00)  =  427- /1 00  =  4385Z  - 112° 
Vj.p-V^  =  (-127-  /22Q)  -(-173+ /lOO)  =  46-/320  =  323Z  -  8 1.6* 
\80-\>00  «  (-127+/220)  -  f-l  73+ / 100)  s  46  +  ;120  =  1 2B.6Z691" 

As  seen  from  An.  1 932. 

ZB  -  -^Vffi  -  mSZ~UT-  -  4185Z76.8° 


10Z-900 
323 


I* 


=  323Z8.46 


1GZ-900 

6.43Z-21' 


I«  20Z9Q0 

19J5.  I  iihuhimid  Star-connected  INon-inductivi  Load 

Such  a  case  can  be  easily  solved  by  direct  geometrical  method-  If  the  supply  system  is 
symmetrical,  the  line  voltage  vectors  can  be  drawn  in  the  form  of  an  equilateral  triangle  RYfi  (Fig. 
19.94).  As  the  load  is  an  unbalanced  one.  ils  neutral  point  will  not,  obviously,  coincide  wiih  the 
centre  of  the  gravity  or  centroid  of  the  triangle.  Let  tl  lie 
at  any  other  point  like  N.  If  point  N  represent  the  poten- 
tial of  the  neutral  point  if  the  unbalanced  toad,  then 
vectors  drawn  from  /V  to  points,  R,  ¥  and  B  represent  the 
voltages  across  the  branches  of  the  load.  These  voltages 
can  be  represented  in  their  rectangular  co-ordinates  with 
respect  to  the  rectangular  axis  drawn  through  N\  it  is  seen 
that  taking  co-ordinates  of  N  as  (0.  0).  the  co-ordinates  of 
point  R  are  [(V72  -  x).  -  y\ 


or  point  rare      K  V  /2  +  x)>-y] 
and  of  point  B  are  [-jc.{73V/2-y)j 


->' 


Let  R  .  ft,  and  flH  he  ihe  respective  brink  h  impedances, 
lances  and  1^  Ir  and  Ifl  the  respective  currents  in  litem. 


>" ,     and  ^  the  respective  admit- 
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Then 
Similarly, 


m 


*x  =  vwV2  an<J  lfl  ~  VSJVY3-  Since  1*  +  I}  +ls  =  0 


or  V, 


+  n 


-->' 


-xiY,  +  y,  +r3>+ -    -  ^  >+ j  y3  ^-~M  +  v2  +  r3  \ 


Also 


yi^—HYi+Yz  +  Yj)  =  Q 


27,  +  Y7+Y, 


Knowing  the  values  of  x,  the  values  of  Vflv,  V  and  and  hence,  of  ly  and  Ifl  can  be 
found  as  illustrated  by  Ex,  19.68. 

Example  19.68.  Three  ntm-inductive  resistances  of  5.  10  and  15  fi  ore  connected  in  star 
and  supplied  front  a  2Mi-\!  nymmetrial  3-phast  system,  Cakuiase  ihe  line  currents  \  magnitudes! 

!  Principles  fir  KWt.  Kngg.  Jiidavpur  Iniv.  MH7.i 

Solution. 

(a  I  Star/Delta  Conversion  Method 

The  K-connecled  unbalanced  load  and  its  equivalent  A-connecled  load  are  shown  in  Fig. 
1 9.95  fa)  and  (b)  respectively.  Using  Y !  &.  conversion,  we  have 

_Z|ZJ+Z,Z3+Z3Z1     50+150  +  75    55  „ 
Z3  15  3 

Za  =  275/5  =  55£1  and       =275/10  =  27.511 
Phase  current  f^.s  Vs|/Zp  -  230/(55/3>  =  12  56  A 

Similarly,  1^  =  .  230/55  =  4. 18  A;  1^  =  V^/Z,,  ^  230/27.5  -  8.36  A 

The  line  currents  for  A-conneciion  arc 
obtained  by  compounding  the  above  phase 
currents  trigonometrically  or  vectorial  I  y. 
Choosing  vector  addition  and  taking  Vft|,  as 
the  reference  vector,  we  get: 

l^=(  12,56 +j0) 

f  i  .£ 


****** 


=  8.36 


'V  7 


=  -  2,09  -j3  6  2 


=  -4.18  +  /7.24 


Hence,  line  currents  for  A-connection  of  Fig.  19.95  {b)  are 


-  (1 256  +  yO)  -  H.1 8+ /724J  -  16.74  -  p .24  or  1 8.25  A  -  in  magnitude 


-  (-2XW-j362)-{l236  +  jO)  =  -I4j65-  ;3.62  or  15.08  A  -  in  magnitude 

'fl  ~  'fa  +  Ifff  ~  I  Bit  ~^YS 

=  M.LH  +  /224)-  (-2-09-  j"362)  =  -109  +  /ft. 86  or  11.06  A  -in  magnitude 
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(bi  Ccnmi'lriotl  Method 

Here,  r,  =5«,  /?,  =  10ft  and  tf,  =  L5Q  K,  =  1/5$  K2  =  1/J0S;  Y3  =  U 15S 

V 

As  found  above  in  Art.  19.35  x  -  -(Yl  -  Yz)f(Yt  +  Y1+Yi) 


2  l5    I0j/U    10    15  J 
=  ^.K?        +  K,  +  y, )  =  <V5  x  1 1 5  x  1  / 15 )  /( 1  I  /  30)  =  56.2 


v. 


(V 

|-/y  =  (J15 -3 1.4) -j36.2  =  83.6-/36,2 

- 


vm=-|-+.t 


-j>  =  -l46.4-;36.: 


=  ->1.4+/l63 


I  *  =  V#AT,  =  (S16  -  ,36.2)  x  I  /  5  =  16-72  -  /7.24 

'k  =  VK/VY>  -  (-146.4-/362)  x  I  / 10  =  -14JS4  -  j3j62 

•it  ~  V^Yj  =  (-3L4 + yr63)x  |  H5  =  -2.1  x  JIQ.9 


These  are  the  same  currents  as  found  before. 
Ic)  Solution  by  Nfili£iiati*s  Theiirum 

Yw  =  1  / 5Z0°:  Y,  =  1  /  lOZfTtYfl  =  1/1 3Z0ft  and  YB + Yr  +  Yff  =  1 1  /30ZIT Siemens 
Lei  ihe  supply  voltages  be  represented  (Fig,  19.96)  by 

Vjjo  =  230 /Vw  =  f&aPf^K,  =  133Z-1200  ;VTO  =  133Z1200 


/l  33 1120°  N 

Fig.  I9.M 

The  p.d.  between  load  and  supply  neutral  is 

*    133/5  +  033/  IO)Z-1ZOD-KI 33/  I5>Z 1 20" 


3D/1IZ00 
=  423- j 104  =  43.6Z  - 1 3.8* 


f'tihplwH  Circuit-* 


V^j  =  1 33  -  (423 -  Jl  0.4)  -  90.7 + /I 0.4 

\YO'  =  133^-1 20°-(42  3j- 10.4) 

=  (-66.5  -  Jl  1 5)  -  f  42J  -  /1 0.4)  =  -108.8  -  /!  04.6 

Vae/  =  133Zl20°-Vao'  =t-663+/l[5)-(423-;10.4)  =  -]08w8  +  /l25.4 

1  v  ~  Vm' Vj,  -  1  f  5.(90.7 + j\ 0.4)  -  I  B.i  +  J2.\  or  18.22  A  in  magnitude 
1T  =  -10.88-  jWJx  or  15. 1  A  in  magnitude 

lfl  =  -7-5  +■  /&4  or  1 1,7  A  in  magnitude 

ICxumpk-  \9.til).  Tin-  itith.t/mi,  r,<  ,-itx-uii  of  /-/if.  19.97  (a)  is  connected  across  a  symmetrical 
J  piimc  sit)i{>t\  it/  4fX>-\'.  Cah  ufatt  tin'  currents  aitd  phase  voltages.  Pluisc  u-ifm'tu  f  is  RYU 

Solution.  The  line  voltages  are  rep- 
resented by  the  sides  of  an  equilateral  tri- 
angle ABC  in  Rg,  19.97  {h).  Since  phone 
impedances  arc  unequal,  phase  voltages  are 
unequal  and  are  represented  by  lengths,  NA, 
NB  nnd  NC  where  N  h,  the  neutral  point 
whkh  is  shitted  from  its  usual  position.  CM 
and  ND  are  drawn  perpendicular  io  hori- 
zontal side  AB  Let  co-oniinatcs  of  point  N 
be  (0,  01.  Obv  iously,  AM  =  BM  =  200  V, 

CM=Jj  x  200  V,  CM  m  Ji  x  200  =  346 
V.  Lei  DM  =  .i  volts  and  ND  =  y  volts. 

Then,  with  reference  to  point  N.  the 
vector  expressions  for  phase  voltages  arc 

V„  =  (200 -  x )  -  Jy,  Vr  =  -(200  +  x )  -  jy,  Vfl  =  -x  #  /(346  -  y > 
_      V„     (200-j:)-^  3-/4 


Fig. 


1+/4 


3-/4 


=  (24-0,I2*-0.l6,v)+/(-32  +  O.I6.t-0.12v) 


H200  +  jc)-/y  6-/8 
Zr  6  +  /B  6-/8 

=  (-12-  0.06.T  -  O.OB.v )  +  /( 1 6  +  0.08*  -  0.06.v) 

y6 


f   _  V*  _ -r  +  /(346-y)  8 

I  to  — "    —   -X  — 

Z,  8  +  jfi  8 


-0.08y) 


B  +  /6  8-/6 
=  ( 20.76  -  O.QS.r  -  0,06  v) + /(27.6S + 0.06j 
Now,  tH       +     =  0 

ft    (32.76  -  026 1  -  0 Jy) +/(!  168  + 03  j  -  026 v>  =  0 

Obviously,  the  real  component  as  well  as  the  /-component  must  be  zero. 

.-.    3276  -  026  x  -Qty  =  0  and  1 1.68 + 03x  -  Q26y  =  0 

Solving  these  equations  for  c  and  v,  wo  have  r  =  3  I M  V  snd  ■,  =  S  I  6  V 
V„  =  (200  -  3  L9)  -  /8 1,6  -  1 68  -  /S  MS  =  1 86.7Z  -  25.9° 
\r  =  -(20(1  -  3 1.9)  -  >8 16  =  -23 1.9-/8 1.6  -  245.8Z199.4D 

Vjj  ^  -3 1 .9 + /( 346-8  i.6)  =  -3 1,9 + /264.4  =  2663Z83. 1" 
Substituting  these  values  of  jr  and  y  in  the  expressions  for  currents,  we  act 
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1M  M24-O12x3l.9-0.16xglj&)+/(-32+0.I6x3i.9-(U2xaL6) 

=  7.12-/36.7 
SimilMiy  ly  =  -20.44  +  j  1 3.65./,  =  1 13+  ;73j06 

Z/  -  (0+j0)  -  as  a  check 

I  imple  lit.?!).  A  3-$,  4-H'irf.  400-V  symmetrical  system  supplies  a  Y-cimnecled  load 
having  follow  ing  branch  impedances: 

Z„  -  l00Q.2r  "  /LOG  and  Z„  =  -yllHl 

Compute  the  values  of  toad  phase  voltages  and  currents  and  neutral  current.  Phase 
sequence  is  RYB. 

How  will  these  values  change  in  the  event  of  an  open  in  me  neutral  wire? 

Suluiiun.  i  .i  W  Ih-m  Nt'uirul  Wirt'  rs  Iiii.ilI  [Fig  19.98  (a)].  As  discussed  in  Art.  19.30.  the 
load  phase  voltages  would  he  [he  same  as  supply  phase  voltages  despite  imbalance  in  ihc  load. 
The  three  land  phase  voltages  are: 

V,  -23lZO°.Vy  =  231Z- 120°  and  VB  *  231Z120* 
I,,  =  23tZO°/10OZ0°=  2J1Z0°=  231+/0 
lr  =23  IZ1200/IOZ9(IP=  23 1 Z  -  2 1  IT  -  -20 + jl  15 
t„  =  23IZI20°/10Z-90C=  21tZ2IO°=  -20-/1  15 
lN  =  -{I,,  + + Is) ^  -(23 1  -  20+ /I  15-  20-  /I  L5)  -  37.7  A 
</»  When  Neutral  is  Open  [Fig.l9.9B 

|A)1 

In  this  case,  the  load  phase  voltages  will 
he  no  Umges  equal.  7Tic  node  pair  voltage  H«— 
method  will  be  used  tu  solve  the  question 
Let  the  supply  phase  voltages  be  given  by 

Ej,  =  23  lZ0-,Ey  =  23 IZ  - 120° 

-    1 15.5 -/MO 
E„  -  231^120*=  -1 15  5  +  pOO 


Fie.  1 


Y*  =  I  /  100  =  0.0k  Yj.  =  1  /  >10  =  - jO.1  and  Y„  =  1  /  -jl 0  =  jO.l 
23 1  ic  0.0 1  +  ( - /O.l  M- 1 1 53  -  jlUti)  +  /0 1  (- 1 J  53  +  /200 > 


-  -376*+ jO 


OJHl+(-jOJ)+jOJ 
The  load  phase  voltages  are  given  by 
Vj{  =     -  VXw  =  (231  +/>H(~3769+/0>  -  4000  V 
V;  =Er-V^  =-|  153- /200-  (-3769 + JO)  -  {36535  -  j200> 

\B  -  E„  -       =-1153  +  j^OO-  (-3769 +/0)  =  (36535  +  jO) 

=  V/Yjf  =  4000xOJ01  -  -40  A 
\Y  =  (-/0.1M36533  -  /200>  -  (20-/36535) 

If  -  (jOJ)(36535  +  /200)  m  -20+  ;36535 

Obviously,  (he  neutral  current  will  just  not  exist. 
hi- -.  As  hinted  in  An.  19.30  (0,  the  kmJ  phase  voltages  ind  current*  become  abnormally  high. 
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Example  19.71,  for  f/ic  rifrwir  .rfawfi  in  Fig. 
1 9.99 find the  readings  on  the  two  wattmeters  W  and  W 

StriutJiHL  The  three  line  currents  fur  itiis  prob- 
lem have  aheady  been  determined  in  Example  19.43. 

I„  =  20.02-/4,54 
lta  =  -7-24-/5.48 

1^  -  -1278+ /1Q.I2 
The  tine  voltages  are  given  by 
V^200+j0 
V   =-  100 -y  173.2 
TT  =-  100+  /  J73J2 

Waumeier  W_  carries  a  current  of  using  I  m  20.02  -  /  4.54  and  has  voltage  V  impressed 
across  its  pressure  coil  Power  can  be  found  by  using  current  conjugate. 

P   -  (200  +  j  0)  (20,02  +  J  434)  =  (200)  (20.02)  +  j  (200K434) 
Actual  power  =  200  x  20.02  =  4004  W  ...  W  =  4(KM  W 

The  oLhcr  wattmeter  Wf  carries  current  of  I  =  —  12.78  +  j  10.02  and  has  a  voltage  - 
V|r=  100  +  /  173.2  impressed  across  it.  By  the  same  method,  wattmeter  reading  is 

Wc  =  (100  X  - 12.78)+ (1 73.2x1002}  =  -1278 +1735:5  =457-5  \\ 
Example  19.72,  Three  rc\isu>r\  10.  20  and  20  U  are  connected  in  star  to  the  terminals  A.  B 
ami  C  af  a  3-*,  J  wine  supply  thmugh  iw»  swale  phase  wattmeters  far  measurement  of  total 
power  with  Litrrent  rails  in  tines  A  and  C  and  pressure  cods  between  A  and  8  tind  C  attd  B. 
Calculate  Hi  the  line  currents  ftil  die  readings  af  each  wattmeter. 

The  line  voltage  is  -Wtl-V.  (Electrical  Engineering-1.  Bombay  Vim.  1987 > 

Siilinion.  Let        =  400^0°;  VK  =  400Z-1200  and  V^,  =400^120° 

As  shown  in  Fig.  19.100.  current  through  watt- 
meter Wf  is  \M  or  1^  and  that  through  (K  is  |„  or  1^ 
and  the  voltages  an:  V^fl  and  V  respectively.  Obvi- 
ously. 

ZA  -  IOZCiZ*  -  20^0°, Zr  -  20Z09 
The  currents  1^  and  lc  may  be  found  be  applying 
either  KirehhofTs  laws  (An.  19.33)  or  Maxwell's  Mesh 
Method.  Both  methods  wilt  be  used  for  illustration. 

(a)  From  Eq,  < 10),  (II)  and  (12)  of  Art.  19.33,  we  have 
4OQx20-2O(-200  +  /346) 


(10x20)  +  (20x20) 
12,000-/0,920 
800 


(20  x  10) 
-15-/8,65  A 


2(K-20O  +  /346)  - 1 0(-200  -  /34G)    -2000+  J]  0,380 


BOO  800 
(b)  From  Eq.  (j)  and  (if)  of  solved  Example  17.48  (r)  we  get 

||  =  400x40+20t-200:i34a)^5_^A 


Fig,  19.HKI 


-  -2.5+  /1 3 


30  x  40  -  20' 


_     30  X  (-200-/346) +400x20      _  rt„ 

le  t=  -I,  i  i  =  -25  +  il3 

800 


coil. 


As  seen,  wattmeter  W}  carries  current  I  and  has  a  voltage  V    impressed  across  its  pressure 
Power  may  be  found  by  using  voltage  conjugate. 
Pw  =  (400- /0M15  -  j8.65 1  =  6000- /  3.460 
.-,  reading  of  VV(  =  6000  W  =  6  kVY 

Similarly,  \\\  carries  If  and  has  voltage  \'rff  impressed  across  it's  pressure  coil. 
Now,  V^j  =  ~^bc  ^  (200+ /346) .  Using  voltage  conjugate,  we  get 
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Real  power  a  <2(Xi  x  -  2_5)  +  (13  x  346)  -  4000  W 
.-.  reading  of  Wn  =  4k\V    Total  power  -  10  kW 

Example  19.73.  Tltree  impedance*  Zg  and  tire  connected  tn  dcltti  n>  a  JtXJ-V  A-pliuse 
tiiree-wire  symmetrical  nstem  RYB 


ZA  =  Id  £  dff"  between  lints  R  untl  Y 

Zf   -  10  ^  60*  Iwmwn  tinex  ft  and  R 


Z  =  10  Z  (F  between  lines  Y  and  B 


The  loud  pctwer  iti  tlie  circuit  »  measured  In 
means  of  two  wattmeter*  with  their  cumnt  coils  tn 
him  R  and  B  and  their  corresponding  pressure  cods 
acniss  R  and  >'  and  B  and  Y  respectively.  Calculate 
the  trading  on  each  wattmeter  and  the  total  power 
uipplied  Phase  tequence  RYB. 

Solution.  The  *altmetcr  connections  are  .shown 
in  Fig  19.101. 

V„  =  200Z0°=2004  jO 

Vra  =  200Z  - 1 20* - -1 00 -  Jl  732 
\m  =  200Z12(r=-LOO  +  /173J 
200/0° 


KiK-  mill 


10Z60C 


=  20Z-60D=10-jt7.32ft 


200Z-  120* 
10ZO* 


=  2QZ-120* 


200ZI2f>s 

-10-yi732:lM=   a   =  20Z60*=  10+ ;I732 


I0Z6O0 

As  seen,  L-urrcni  through  Wf  is  IR  and  voltage  across  its  pressure  coil  is  V 

Using  voltage  conjugate,  we  have 

FVA  =  (200  -  jO)  ( - j34.64 1  =  0-/6.928 
Hence,  W(  reads  /em 

Current  through  W  is  1  and  voltage  across  its  pressure  coil  is  Vflr 


Ira  =  20+  j34-64.  Vfl,  a  -VrB  =  100+ ji732 


Again  using  voltage  conjugate,  we 


get 


PM  =(IOO-yl732)(20  +  /34j64> 

=  8000  +  /} 

.-.  reading  of  W/n  =  H0<M)  W 
i"..V>.  I'tniM  Ncquemc  Indicator* 

In  unbalanced  star-connected 
ln.kiv  phase  vi phages  change  mnsideuuh 
if  the  phase  sequence  of  the  supply  is  rc- 
verscJ.  One  or  the  other  load  phase  volt- 
age becomes  dangerously  large  which 
may  result  in  damage  to  the  equipment. 
Somc  phase  voltage  becomes  too  small 
which  is  equally  detrimental  to  some 
lypes  ol  electrical  equipment.  Since  phase 
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voltage  depends,  on  phase  sequence,  this  fact  has  been  made  ibe  bus  id  of  several  types  of 
pinsescquence  indicators.*  A  simple-  phase  sequence  indicator  may  be  made  by  connecting  two 
suitable  incandescent  lamps  and  a  eapadior  in  a  K-connectJon  as  shown  in  Fig,  19.102,  II  will  be 
found  that  for  phase  sequence  RYB,  lamp  L-  will  glow  because  its  phase  voltage  will  be  large 
whereas  jL  will  not  glow  because  of  low  voltage  across  jt_ 

When,  phase  sequence  is  RBY.  opposite  conditions  develop  so  that  this  time  L  glows  bat 
not  Li, 

Another  method  of  determining  the  phase  sequence  is  by  means  of  a  small  3-phasc  motor. 
Once  direction  of  rotation  with  a  known  sequence  is  found,  the  motor  may  be  used  thereafter  for 
determining  an  unknown  sequence 

Tutorial  Problem  No.  193 

I-  Three  impedances  Z|r  Z  and  Z,  ore  mesh-connected  to  a  symmetrical  3-phase,  400- V.  50-Hz 
supply  of  phase  sequence  tt-*Y-*R. 

Zi  ifI0+  JQ)  ohm  -  between  R  and  V  (W.i 

Zj  m  (5  +  /6)  ohm  -  between  Y  and  /?  hikes 

Z^  =     -  JS)  ohm  -  between  B  and  «  line* 

Calculate  the  phase  and  line  current!,  and  total  power  consumed. 

1 40  A,  40  A.  56.li  A  j  95.7  A.  7K.4  A.  J5J  A;  44.H  kXV  | 
1  A  symmctricsl  3-0  ,  380-V  supply  feeds  a  mesh-connected  load  us  follows  : 
Load  A  :  )9  kVA  at  pt  0.5  lag  ,  Load  B  :  30  kVA  at  p,f.  0.8  lug  :  Load  C  ;  10  kVA  ot  p.f.  09  loatl 
Determine  the  line  currents  and  iheir  phase  uncles  r'or  fi)H  sequence 

\14jb  jl  -51*  A.  9K.6  £  172-7"  A  :  MLJ  4  4UT  A| 

3.  Determine  the  tine  correms  in  an  unbalanced  Y  connected  hud  -.npplioi  from  a  symmetrical  . 
440-V,  3- wire  system.  The  branch  rmpedonecs  of  the  load  are  :  Z(  *  5  Z  30"  ohm.  Z,  »  10  Z  45"  ohm  and 
it,  ■  10  d.  45'  ohm  and  Z,  =  ID  Z  60*  ohm.  The  sequence  is  fi»'fl.  (.15.7  A,  32JI  A;  27.7  A] 

4.  A  '  -  0  .  f-cminected  alternator  supplies  an  unbalanced  load  consisting  of  three  impedances  1 10  + 
/20j>  i\0  -  f2D)  and  10(4  respectively,  connected  in  star.  There  is  no  neutral  «.-. .inictnm.  Calculate  the 
voltage  between  the  star  paint  irf  the  alternator  and  ihai  tit  the  load-  The  phase  s^tage  of  the  alternator  is  250 
V.  [-245.2  V| 

5.  Non-reactive  resist,  u-  ..I  Ml.  20  :md  25  ft  arc  star-connected  to  the  R.  ¥  an  H  phases  of  a  400- V, 
symmetrical  system.  Determine  Hie  current  and  power  in  each  resistor  and  the  voltage  between  sou  point  and 
neutral  Phase  sequent c.  RYB.  \lbS  A.  132  kW  ;  13.1  A,  3A3  kW;  IL2  A,  3.14  *W  ;  68  V] 

6.  Determine  the  line  current  in  an  unbalanced,  star-connected  load  supplied  from  a  symmetrical  3- 
phnsc.  440- V  system.  The  branch  impedance  of  the  load  are  Z  =  5  Z  30*  ft  .  Z(  =  10  Z  4?°  if  and  2(  = 
10  Z  60*  ft   The  phase  sequence  is  fll'fl.  [35.7  A,  fl»  A.  27.7  AJ 

7.  Three  non-reactive  resistors  uf  \  A  and  5-  ft  respective^  ore  ttar-cotmccted  io  u  3-}rtia.sc.  400- V 
symmetrical  system.  plu^  sequence  RYB  hrnl  <<o  ibe  current  in  each  resislnr  1/0  the  pnwrt  tlissi  puled  in 
each  resisuir  *<  )  the  phase  angles  between  ihc  currents  and  the  corresponding  line  voltages  frf)  the  star-point 
potential.  Draw  to  scale  the  complete  vector  diagram. 

|(uj  Ml5  A,  59.5  A,  51JI  A  09  13Z  t4J5.  13*4  kW  u  i  26"24'.3rm'.  25~2U  l^i  34  VI 
K  An  unbalanced  l-connecied  kiad  is  supplied  liuiu  a  4tXt-V.  3-0.  Vwirc  >yiinnetncal  system,  [lie 

branch  circuit  impedances  and  their  cormectmn  are  <  2  +  jl)     ,  R  to  N  ;  (3  -j3>  Q ,  >'  to  N  and  <4  +  j\ }  Q  , 

fl  Id  ,V  of  ihc  load-  Calculate  If)  the  value  of  the  vohgagc  between  lines  >'  and  N  and  (fit  the  phase  of  this 

voltage  relative  to  the  voltage  between  line  R  and  Y.  Phase  sequence  RYB. 

(«1  t-2»6-j  \i52i  or  225J  V  V)  t  or  -I71T| 
9.  A  star-connection  of  reststnrs  R  =  10  ft  :  Rk  =  20  It  is  made  to  the  terminals  A.  B  and  C 

respectively  of  a  sy-mmetrical  400- V.  *  supply  of  phase  sequence  A—*B—*C.  find  the  branch  voltages  and 

currents  and  star-point  voltage  to  neutral. 

[%\  =  1483  +J28.6  ;  lt  =  14.H5  +         ;  Vl(  =  -  IW  -  JI7M  :  l„  =  -  ».9  -  ]fc57 

Vr  =  -  1*8  +  j22«.rS  :  l(  =  -4.M5  *  J5.71.  \  s  =  H2S  -  j2K.6  no  In  snhlr^n it  from  mij>|iI>  ^oliw  i 


•  h  may.  however,  be  ih.icmI  thai  r-tinsr  H-qnencc  of  currrnts  m  an  unbalanced  load  is  not  necessarily 
ihe  same  us  the  rnrYugr  pfui.se  sequence.  L'nlcss  indicated  tKherwise.  voltage  phase  sequence  is  implied 
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10,  Three  non -reactive  resistance  of  5,  10  and  5  ohm  are  star-cunnecicd  across  ihe  three  lines  of  a 
230-V  3-ph«e. 

3-wtre  supply.  Calculate  the  line  currents     HIK.i  +  J21.1)  A  ;  (-  10.9-j  10.451  A  :  (-  7 J  +  j8.4i  A  I 

IX.  A  J-  ♦  .  4tX>-V  symmetrical  su|Vply  feeds  a  star-connected  load  consisting  of  non-reactive  resistors 
of  J.  4  and  5  12  nmncctcil  tu  the  fl,  i'  ami  /f  linc-s  respectively  The  phase  sequence  is  ft YB.  Calculate  ii)  the 
load  «,Lit  puint  potential  in)  current  in  each  rcMKU'r  jrnl  power  uivsipalcd  in  each  rcsisltw. 

1 1 r .  MS  V  l-i>  Mi.J  A,  59.7  A.  51 .8  A  (mi  L3.22  kW.  14.21  kW.  I.U2  k\V| 

12.  A  20-  Q  resistor  is  connected  ta*«en  lines  R  and  Y.  it  50- Q  resistor  between  lines  Y  and  8  and 
a  10-Q  resistor  between  line*  B  and  R  of  a  415- V,  3-phase  supply  Calculate  the  current  in  each  line  and  the 
reading  on  each  of  the  mo  wattmeters  connected  to  measure  the  total  power,  the  respective  current  coils  of 
which  a  connected  in  lines  R  and  Y.        1(25.9  -  j5>);  I-  24.0  -  J7.2>;  I-  1,04  +  jl6.2);  8,6  k»;  7.75  kW  | 

13.  A  ihrcc-phnsc  supply,  giving  sinusoidal  voltage  of  400  V  at  50  Hz  is  connected  to  three  terminals 
marked  R.  Y  and  B.  Between  R  and,  Y  is  connected  a  resistance  of  100  11 ,  between  Y  and  B  an  inductance  of 
3  IS  rnH  and  negligible  resistance  and  between  B  and  R  a  capacitor  of  31, 8  jiF  .  Determine  ffj  die  current 
flowing  in  each  line  and  Ul)  rhe  total  power  supplied,  Determine  {IB}  the  resistance  of  each  phase  r>f  a 
balanced  star-connected,  nori- reacts ve  load,  which  will  take  die  same  utwi  power  when  connected  across  the 

same  supply  [li  t  7.73  A.  7.73  A.  uii  I  .Mm  VV  (ml  1130  Si  i  London  Univ.)] 

14.  An  unbalanced,  star-connected  liiad  is  led  from  a  symmetrical  3-phase  system-  The  phase  voltages 

airiiv*  iwn  "I  ilie  jum  ,M  ihc  loud  arc  V  =  295  Z  W  30'  and  =  206  Z  -  25°.  Calculate  the  voltage 
herwerli  [he  mar-pomi  >>t  ihe  load  and  die'  supply  neutral.  (5i2  v_-49.54'| 

15.  A  symmetrical  4-MJ-V.  Vphase  \werti  supplies  a  star-connected  load  with  the  fallowing  branch 
impedances:  =  UK)  il .  £f.  =  j  5  jj  ,  Z  =  -ji5  1]  ,  Calculate  die  vultage  drop  across  each  branch  and  the 
potential  of  the  neutral  point  to  earth.  The  phase  sequence  is  RYB.  Draw  the  vector  diagram. 

|8SOOZ-3tT.  84I5Z-3L50,  8420- Z- 28JV  854SZ ISO"  ) 

16.  Three  star-connected  impedance*.  Z.  -  {20  t  /37,7)  [j  per  phase  are  in  parallel  with  three  delta- 
connected  impedance*.  Z1  -  (30  -  jl5Q.3>n  pet  phase.  The  line  voltage  is  398  V.  Find  the  line  current, 
power  factor,  power  and  rcaciiie  mli-ampere*  taken  by  the  combination. 

t3J7  Zlu.4u;  0.9K4  lag;  2295  I«r,-  22*5  W;  420  YAR-I 

17.  A  3-phase,  440-V,  delta-conneciLHf  system  lias  Hie  io;ids;  branch  RY,  20  KW  ai  power  factor  1.0; 
branch  YB.  30  kVA  at  power  factor  0.8  lagging;  branch  BR.  30  kVA  at  power  factor  0.6  leading.  Find  the  line 
currents  and  readings  cm  watt-meicre*  whose  current  coil*  mc  in  phases  R  and  B. 

\t0S  <L  L76.5  ;  1 1 1.4  /  14  :  36.7  Z-  119;  39,8  kW;  16.1  kW| 

IK,  A  415  V,  50  Hi,  3-phase  supply  of  phase  sequence  RYB  is  connected  to  a  delta  connected  load  in 
which  branch  RY  consists  of  R  =  100  fj ,  branch  YB  comsts  of  ff,  =  20  Q  in  serin  with  X,  =  60  Q  and 

branch  BR  consists  of  a  capacitor  C  =  30  uj? .  Take  Vm  as  Ihr  reference  and  calculate  the  line  currents.  Draw 
the  complete  phasor  d;agramx.  [Elrcl.  Machines,  A.M. I  E.  Sec.  B.  f9R9} 

(1   =  7.7H  Z  1434  ,  I  =  10.66  Z  17X92  .  I   =  4.46  Z  -  47"  | 

If  T  ft  M 

19.  Three  mlstanccs  of  5,  10  ami  15  Q  are  connected  in  delta  across  a  3-phasc  supply.  Find  ihc 
values  of  the  three  resistors,  which  if  connected  in  star  across  the  same  supply,  would  lake  Ihe  same  line 
currents. 

If  this  star-connected  loud  is  supplied  from  a  4-wtre.  3-phase  system  with  260  V  between  lines, 
calculate  the  current  in  ihe  neutral  \2S  Q.  1.67  Si.  5  Q:  52  A I  {London  Univ.) 

20.  The  impedances  of  (he  three  phase  of  a  stn-rxnziected  toad  (no  neutral  wire)  are  (5  +  /I0),  (12  + 
pji  and  (I  - /I0|  in  that  order.  The  voltage  is  4tt)  volts.  Find  die  line  currents. 

|(0.$  -  j  29.65],  116.24  -  jll-5>;  1-  16.74  +  J41.15l|  {Elect.  Mens  London  Vniv.)\ 

21.  Three  voltmeters  having  resistances  of  10,  10,  and  5  kll  respectively,  are  connected  in  star  to  a 
balanced  3-phase  4-wire  supply  Tlw  line  voltage  in  +40  V.  Determine  ihe  readings  of  the  three  voltnieters. 

|I90  V.  290  V,  290  VJ  </.£C  Londtm) 

U.  A  44U-V.  symmetrical.  supply  feeds  a  r-connecied  load  consisting  of  three  non-uvducdve 
k'MMai(tC!i  .tl       >.  .niif  U  si  L-iHiiiccLcd  in  ihi'  R  >'  and  ft  phata  tWrj^TTjfflrft 


Mypkase  Cirvuiu  701 
Calculate  the  line  currents  and  lite  voltage  across  each  resistor.  Phase  sequence  RYB. 

128.9  A.  3*.5  A.  2SA  V.  290  V.  W2  V.  304  V  {London  University) 

23,  A  symmetrical  :"H>,  440-V  system  supplies  i  r'-conrteclcd  load,  of  which  the  branch  resistances  are 
■1  =  10  11.  B  -  1 3  fi,  C  -  15  £1  Calculate  the  voltage  to  earth  of  the  load  star-point  assuming  the  neutral  of  the 
supply  to  he  earthed.  Phase  sequence  A.  B,  C.  J3I  V)  U.E-E.  London) 

24.  Three  nun-reactive  resistor*,  A,  B%  C  of  5Q  .  10  Q  and  15  respectively  arc  srar-ennnetned  across 
the  lines  of  n  230  V.  3-4.  3- wire  supply.  Calculate  the  lines  currents. 

tl4  =  15.I6A,  1B  =  1 1.1  A.  Ic  =  A|  {City  A  Cidhh.  W«m 
Tlte  impedances,  in  ohms,  nf  a  three-phase  nar-connected  load  are  ;  Z,  =  10  +  JO,  Zj  =  10  +  J5; 
Zj  ■  5-yl0.  The  load  is  connected  to  a  three  phase  50- Hz  supply  having  a  balanced  line  voltage  of  440  V. 
Calculate  the  reading  of  single-phase  wattmeter  which  has  its  current  cnil  in  line  I  and  its  voltage  coil  between 
lines  I  mid  3  Assume  the  phase  »equencc  to  he  1.  2.  3.  Draw  a  vector  diagram  showing  the  relationships  of  the 
voltages  and  currents.  J 1 1.75  k\\  |  (London  Univ.} 

26.  An  unbalanced  star -connected  load  is  supplied  from  a.  symmetrical  400- V.  three-phase,  three- wire 
,\  slirin.  ITk-  impedance*  are  ,  1 1  +  ft  \  D  between  line  R  and  neutral  point  of  load:  12  + /I I  12  between  line  Y  and 
neutral  point  ..if  lojd  .  ?  -  ;3 1  it  between  line  5  and  neutral  point  of  load.  Calculate  the  current  in  line  B  Phase 
sequence  RYB.  J35.5  A|  {London  Univ.) 

Si,  Aji  unbalanced  star-connected  load  iintupplied  from  symmetrical  three-phase  mains.  The  toad  imped- 
ance are  Z_,  Z^.  Z_  and  the  positive  phase  sequences  is  av  bt  e.  Calculate  the  value  of  the  positive  phase- sequence 
current  when  the  line  voltage  of  the  three-phase  balanced  supply  is  400  V  and  7,  =  i  U  ■>  J 10)  £1.  Zh  =  fO  -  jS)  Q 
and  Zr  -  { 10  *  j0)£»  .  (36.6  A|  tElrct  Theory  and  Mem.  ijmtkm  Univ.  ) 

ZK_  The  impedances  arc  mesh-connected  to  a  symmetrical  three-phase,  40- V,  SO,  Hz  supply  of  phase 
sequence  RYB. 

Z,  =  (5+  j\Wl  is  connected  between  lines  R  and  Y 
Zj  =  '5  +  yS)Q  is  connected  between  lines  ¥  and  £1 
Zj  -  (6+  /4)Q  u  connected  between  lines  B  and  R- 
I'wci  wattmeters  connected  M  measure  input  have  iheir  current  coils  in  lines  K  and  )'  respectively. 
Calculate  (he  line  currents  and  the  wattmeter  rending*. 

|05Jt  A.  79.4  \,  43.4  A:  39.8  tiW,  9.6  kWJ  {London  Univ.) 
29.  )n  Fig.  19. 103  three  non-reactive  resistors.  A*,  =  10  fL  Jc^  =  20  tl  and  /?3  =  30  fl  are  amrtected  in  suir 
10  ■  symmetrical  3-phasc  supply  of  line  voltage  400  V  and  phase  sequence  RYB.  The  wattmeter  W  is  connected 
as  shown,  with  the  current  coil  in  the  R  line  and  the  voltage  circuit  connected  between  lines  R  and  Y.  Calculate 
the  currents  in  the  three  lines  and  [he  readinj;  of  the  wultmcler  ^^^^^^^^ 
HS.9  @.  13.1  A,  9Jt,\,  5.K2  k>V|  (/.£.£.  Londot:\ 
.3d.  A  34  -  ^-connected  load  is  connected  between  three  line 
terminals,  R.  Y.  B.  the  impedances  (in  ohms  I  of  the  load  being:  11  + 
ft.)  between  R  and  the  star  point,  (2  +  ft  I  between  Y  and  the  star  point 
and  (3  +  j4)  between  B  and  the  star  point  The  phase  sequence  tf 
RYB.  If  the  line  voltage  is  400  V,  calculate  the  voltage  between  R  ami 
the  star  point.  |1SI  \|  itniutim  l.'nn\i 

31.  A  3-phasc  3- wire  star-connected  load  consists  ot  a  eapaa- 
tive  reactance  of  100  LI  ill  like  led  pbuse  ami  a  resistor  of  100  in 
each  of  the  other  phases.  The  line  voltage  is  440  V  and  the  phase 
sequence  is  RYB.  If  the  power  i>  measured  hy  the  2  wattmeter  method, 
[he  current  coils  being  connected  in  the  ted  and  yellow  lead*  respectively,  determine  the  reading  of  etch 
instrument  [-  H6.5  VV,  1.640  W]  H.E.E  Londmt 

32-  The  impedances,  in  ohms,  of  the  branches  of  a  three-phase  star-connected  load  are  as  follows: 
Zf  m  OH  +  /)).  Zt  =  1 10  +  JVBfc  Za  =  (0  -  ftS).  If  this  load,  with  its  neuirul  pwint  isolated  is  connected  to  a 
symmetrical  three-phase,  four-wire  system,  with  400  V  between  the  line  wires,  determine  the  p.d.  between  the 
neutral  point  of  the  supply  system  and  the  neutral  point  of  die  load.  Phase  sequence  RYB. 

12*7.5  V)  {London  Univ.) 


Fig.  19.103 
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OBJECTIVE 

I,  Eleclrie  power  is  almost  exclusively  gener- 
ated, lunsmitted  and  distributed,  by  three 
jiHi-.u  *.ysteni  fjri-j'j.K;  11 
<<ji  is  more  efficieni 

:/>>  use*  less  material  for  a  given  capacity 
ic)  costs  less  than  single-phase  apparatus 
t«0  all  of  Ihe  above 
X  The  voltages  induced  id  the  ihrce  windings 
of  ■  3-phase  alternator  are  —  degree  apart 
in  lime  pha.se 

(ol  120  (A>  60 

(c)  90  (d)  30 

3.  tf  positive  phase  sequence  of  a  3-phase  loud 
is  ohr,  the  negative  sequence  would  be 

(a)  £ur  (A)  cAti 

<r)  acb  (dl  all  of  the  above 

4.  In  the  balanced  3- phase  voltages  system 
generated  by  a  ^-connected  alternator,  V 
lags  En  by  electrical  degrees. 

la)  90  (b)  120 

(cl  60  <d>  30 

5.  The  power  taken  by  a  3-  f  load  is  given  by 
ihe  expression 

ia)  1VL1L  cos*  (*)  V3Vt/Lcos* 

{<■)  3v"t/,  sin*  (<f>  ^5vt/£iin* 

ft.  In  a  balanced  V-pha$e  voltage  gencniuir,  ihe 
■. 1 1 1  i  c  k  n  i  pi  iii  -.0  '■  >ii  uges  reach  ihcir  maximum 

values  degree  apart. 

<o)  120  ib)  60 

{e)  240  id)  30 

7.  If  the  B~pha&e  of  j  3-phiiie,  V-coimected  al- 
ternator become  reverse  connected  by  mi»- 
tike,  il  will  not  affect 

8.  rhrec  equal  impedances  are  Grsi  connected 
in  star  across  a  balanced  3-phase  supply.  If 
connected  in  delta  across  the  same  supply, 
hi)  phase  current  will  be  tripled 

\b)  phase  current  will  be  doubled 
1c)  line  current  will  become  on-thtnl 
Id)  power  consumed  will  increase  three-fold. 
4.  A  3-phase,  4-winr.  i:  ■ '  -A'  \  V  %\  siem  is  sup- 
plying lamp  litad  ai  230  V  If  a  3-phasc  mo- 
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tor  is  now  switched  on  across  the  some  sup- 
ply, then 

(a'l  neutral  curreni  will  increase 
\b\  all  line  currents  will  dccrciLsc 
(t'l  neutral  current  will  remain  unchanged 
power  factor  will  be  improved 

10.  Power  h«L-t(>r  impMvciinTii 

(a)  docs  not  aflcct  the  performance  charac- 

IitUUlj,  ol  the  angina]  load 
<.h>  employ*  ■.enc  resonance 
(ej  increase  the  active  power  drawn  by  the 

load 

(<jj  increases  the  reactive  power  taken  by  the 
load 

11.  The  chief  disadvantage  of  a  low  power  fac- 
lor  is  lhal 

(at  more  power  is  consumed  by  ihe  load 
(fcl  curreni  required  for  a  given  load  power 
is  higher 

(e)  active  power  developed  by  a  generator 
exceeds  its  rated  output  capacity 

[d)  heal  generated  is  more  than  the  desired 
amount 

12.  In  the  2-wattmeter  method  of  measuring 
3-phase  power,  the  NM  wattmeters  indicate 
equal  and  opposite  readings  when  load  power 
I  actor  angle  is   degrees  tugging. 

[ft)  M)  (it)  0 

tc)  Ml  td)  90 

13.  When  phase  sequence  at  the  3-phasc  load  is 
revcTNed 

{«)  phase  powers  are  changed 

(t>)  phase  currents  lie  changed 

(c)  phase  currents  change  in  angle  nut  not  in 

magnitude 
(i/i  total  power  consumed  is  changed 

14.  Phase  reversal  of  it  A- wire  unbalanced  load 
supplied  from  a  balanced  3-plwe  supply 
changes 

(a)  magnitude  of  phase  currents 

<b)  magnitudes      well  as  phase  angle  of 

neutral  current 
(c)  the  power  consumed 
itf"<  only  the  magnitude  of  neutrul  current 
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HARMONICS 


2M. I.  I  unrlaim  ttUil  Wnw  Ilannoiiks 

Uplo  this  stage,  while  Jelling  with  alternating  voltage*  and  currents,  it  has  heen  assumed 
I  hid  I  hey  have  sinusoidal  waveform  or  .shape:  Such  a  waveform  is  an  ideal  one  and  much  sought 
niter  by  I  he  manufactures  and  designers  of  alternates  But  it  is  nearly  impossible  to  realize  such  a 
waveform  in  practice.  All  the  alternating  waveforms  deviate,  to  a  greater  or  lesser  degree,  from 
ihis  ideal  sinusoidal  shape.  Such  waveforms  are  referred  to  as  non- sinusoidal  or  distorted  or  com- 
plex waveforms. 


K"m.  2U.I  H«,  21U 

Complex  waveforms  arc  produced  due  to  the  superposition  of  sinusoidal  waves  of  different 
frequencies.  Such  waves  occur  in  speech,  music.  TV,  rectifier  outputs  and  many  other  applications 
of  electronics.  On  analysis,  u  is  found  lhai  a  complex  wave  essentially  consists  <i! 
Id  I  a  fundamental  wave  -  it  has  the  lowest  frequency,  say  *f 

(In  a  number  of  other  sinusoidal  waves  whose  frequencies  are  an  Integra)  multiple  of  the 
fundamental  or  basic  frequency  like  2f,  3/ and  4/ etc. 

7<M 


7114 
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The  fundamental  and  its  higher  multiples  Form  a  harmonic  series. 

As  shown  in  Fig.  20. 1  h  fundamental  wave  ilsalf  is  called  die  first  harmonic  The  second 
harmonic  has  frequency  twice  that  of  the  fundamental,  the  third  harmonic  has  frequency  thrice 
that  of  the  fundamental  and  so  on. 

Waves  having  frequencies  of  2/,  4/  and  6f  etc.  are  called  even  harmonics  and  those  having 
frequencies  of  3/.  5/  and  If  etc.  are  called  odd  harmonics.  Expressing  the  above  is  angular  fre- 
quencies, we  may  say  that  successive  odd  harmonics  have  frequencies  of  3ta,  5u>  and  7u)  etc.  and 
even  harmonics  have  frequencies  of  2(11,  4u)  and  fiat  etc. 

As  mentioned  earlier,  harmonics  are  introduced  in  the  output  voltage  of  an  alternator  due  to 
many  reason  such  as  the  irregularities  of  the  flux  distribution  in  it.  Considerations  of  waveform 
and  form  factor  are  very  important  in  the  transmission  of  a.  c.  power  but  they  an*  of  much  greater 
importance  in  radio  work  where  the  intelligibility  of  a  signal  is  critically  dependent  on  the  faithful 
transmission  of  the  harmonic  structure  of  sound  waves,  in  fact,  it  is  only  the  rich  liarmonic  content 
of  the  consonants  and  lesser  at  still  plentiful  harmonic  content  of  vowels  which  helps  the  ear  to 
distinguish  a  well  regulated  speech  from  a  more  rhythmical  succession  of  musical  sounds. 
20.2.  DilTvrvnt  Complex  Waveforms 

Let  us  now  find  out  graphically  what 
the  resultant  shape  of  a  complex  wave  is 
when  we  combine  the  fundamental  with  one 
of  its  harmonics.  Two  cases  would  be 
considered  (i)  when  the  fundamental  and 
harmonic  are  in  phase  with  each  other  and 
have  equal  or  unequal  amplitudes  and 
(ii)  when  there  is  some  phase  difference 
between  the  two. 

In  1%.  2(12  {a),  the  fundamental  and 
second  harmonic,  both  having  the  same  am- 
pi  i  lade,  have  been  shown  by  the  firm  and 
broken  line  respectively.  The  resultant  com- 
plex waveform  is  plotted  out  by  algebraically 
adding  the  individual  ordinatcs  and  is  shown 
by  thick  line. 

It  may  be  noted  thai  since  the  maxi- 
mum amplitude  of  the  harmonic  is  equal  to 
the  maximum  amplitude  of  the  fundamental, 
ihe  complex  wave  is  said  to  contain  100%  of 
second  harmonic. 
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Fig.  20.3  Fig.  2«.4 

The  complex  wave  of  Fig.  20.2  (b)  is  made  up  of  the  fundamental  and  4lh  harmonic,  that  of 
Fig.  20 J  (c|  consists  of  the  fundamental  and  3rd  harmonic  whereas  that  shown  in  Fig.  20.2  (d)  is 
made  up  of  the  fundamental  and  5th  harmonic.  Obviously,  in  all  these  cases,  these  is  no  phase 
difference  between  the  fundamental  and  the  harmonic. 
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Fig.  2(12  (a)  and  U)  have  been  reconstructed  as  Fig.  20.3  (a)  and  (/>)  respectively  with  die 
only  difference  thai  in  this  case,  the  amplitude  of  harmonic  is  half  thai  of  the  fundamental  i.e.  dte 
harmonic  conient  is  50%. 

The  effect  i>f  phase  difference  between  the  fundamental  and  the  harmonic  on  ihe  shape  of 
the  resultani  complex  wave  has  been  illustrated  in  Fig.  20.4. 

Fiji.  20.4  fu)  (hews  Ihe  fundamental  and  second  harmonic  with  phase  difference  of  ft/3 
und  Fig.  20.4  (|fj)  shows  the  same  with  a  phase  difference  of  n  .  In  Fig  20.4  f(j  and  id)  arc  shown 
[he  fundamental  and  third  harmonic  with  a  phase  difference  of  nil  and  tt  respectively.  In  all 
these  Figures,  the  amplitude  of  the  harmonic  has  been  taken  equal  to  half  that  of  the  fundamental. 

A  careful  examination  of  the  above  figures  leads  us  to  Ihe  following  conclusions  : 

I.  With  fidii  harmonics,  the  positive  and  negative  halves  of  the  complex  wave  are  symmetri- 
cal whatever  the  phase  difference  between  ihe  fundamental  and  the  harmonic.  In  other  words,  ihe 
first  ajid  third  quarters  (Le.  (at  from  0  to  n/2  and  (oj  from  3rr/2  )  and  the  second  and  fourth 
quarters  (i.e.  Wf  from  ji/2  to  it  and  ujf  from  Tin/ 2  to  2fT )  arc  respectively  similar. 

h M  When  even  harmonics  are  present  and  their  phase  di  Here  nee  wilh  Ihe  fundamental  is  0 
or  k  ,  i hen  (he  first  and  fourth  quarters  of  the  complex  wave  are  of  the  same  phase  but  inverted 
and  the  same  holds  good  for  She  second  and  third  quarters. 

un  When  even  harmonies  are  presenl  and  their  phase  difference  with  the  fundamental  is 
nil  or         ,  then  there  is  no  symmetry  as  shown  in  Fig.  20  (a). 

3  It  may  also  be  noted  thai  the  re  suit  am  displacement  of  the  complex  wave  (whether  eoti- 
taining  odd  or  even  harmonics)  is  7ero  at  nil  =  I)  only  when  the  phase  difference  bciwccn  the 
fundamental  and  the  harmonics  is  either  0  to  rt . 

The  above  conclusions  are  of  great  help  in  analysing  a  complex,  waveform  into  its  barmcmk 
constituents  because  a  visual  inspection  of  the  complex  wave  enables  us  to  rule  out  the  presence  d 
certain  hiumonics  For  example,  d'  the  positive  and  negative  half-cycles  of  a  complex  wave  are 
symmetrical  (i.e.  the  wave  is  symmetrical  about  ujr  -  0  }.  then  we  need  not  look  for  even  harmon- 
ics. In  some  eases,  we  may  be  able  to  forecast  the  types  of  harmonics  to  be  expected  from  I  heir 
mode  of  production.  For  example,  in  alremalors  which  arc  symmetrically  designed,  we  should 
expeel  mhl  harmonics  only. 

20.3.  Genera]  F<|uatiun  nf  u  Complex  Wave 

Consider  a  complex  wave  which  is  built  up  of  the  fundamental  and  a  f  ew  harmonics,  each  of 
which  has  its  own  peak  value  of  phase  angle.  The  fundamental  may  be  represented  by 

*i  =£|,„sin|co/  +  lF1| 
the  second  hamionic  by  »  £<fo  xin(2oi)'-i-lJ',  I 

the  third  harmonic  by  r3  =  E^sin  Ocrjf  +  T,)  and  so  on. 

The  equation  for  the  instantaneous  value  of  the  complex  wave  is  given  by 

f  =  e  +  f,  +  ....  r  =  E    sin  (Mf  +  M1, I  x  £    sin  (2oji  +  T,1  +  ....  +  /  ,    sin  fn(fl/  +  H',1J 

J  _  M  Jin  _.MI  ■*-  '  I  ■  J  ■  'I 

when  t,^  and  £  etc.  denote  the  maximum  values  or  I  he  amplitudes  of  ihe  fundamental, 
second  harmonic  and  flit)  harmonic  etc.  and  vj^  and  f  represent  the  phase  differences  wilh 
respeel  to  the  complex  w  ave*  (i.  e.  angle  between  die  icra  value  nf  complex  wave  and  the  eom> 
spending  zero  value  of  the  harmonic K 

The  number  of  terms  in  the  seriers  depends  on  ihe  shape  of  the  complex  wave  In  relatively 
simple  waves,  die  number  of  lerms  in  the  series  would  he  less,  in  others,  more. 

Similarly,  the  instantaneous  value  of  the  complex  wave  is  given  by 

r  ~  /,,„  sin(trjr  +  4|  |  +  !lm  sin(2<uf  +     )+..,..+frm  si n< n<n t+tyn  > 


•  We  tonal  itliu  c\pt^s  Hil-v.'  |i|],iv.  «n|gM  with  rv*pect  in  the  ItmtlMniu-unil-.  *.ivc  i»,u-4J  nl  \bc 
vDmplcx  wuve 
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Obvious ty  (T|  -<Jt|  (  is  lite  pho.se  difference  between  (he  harmonic  voltage  and  current  for 
the  fundamental,  i¥,          for  tlve  second  harmonic  and  |*f„        i  for  the  pjih  hamionic. 
20.4,  R.M.S.  Value  of  a  Complex  Wave 

Lei  i be  equation  of  the  given  complex  current  wave  he 

I  =  i)m  sin(ow  +  0,  H-      sin{2iur       )-—fnm  sin(n<«  ) 

Its  rm.s.  value  is  given  by  /  =  ^average  value  of  t"  over  whole  cycle 

Now  ':  B  |/|Msin(COf  +  <t),H-/.Vfiiiitao)r  +  <))l  >+.... fim>aw{mi} l  +  ty„) ]' 

=  ;,,„2  sin2  (air  +  $ , )  +  i2J  viva1  {2<at  +  $ ,  fr-J^f  sin :(;ium  +  <t>„  H" 

+2timIln  sinf(ur  +  ((j|}sin{2«/  +  <tij»  +  2/|(1|/_,(,l  Kin<tor  +  <P|  I  si  n{u.v  +  *;)+..., 
The  right-hand  side  uF  the  above  equation  consists  of  (wo  types  of  terms 
U)  harmonic  sell'-pnoduets,  the  genera]  expression  for  which  is  I   1  sin1!  mot +  0„)  for  the 

ptn  *  ~  r 

p\h  harmonic  and 

(If)  the  products  iff  different  harmonics  of  the  general  form  I&JL,  sin  l/JW  +  qy'  sin 

The  average  value  t»r  iz  is  the  sum  of  the  average  values  of  these  individual  terms  in  the 
above  equation.  Let  us  now  find  (he  average  value  of  the  general  term  /  i :  snr  *  +  <!>,,)  over  a 
whole  cycle. 

|  f 3ft       ,      ,  !„J  r:s  , 

Average  value  =  -       /    "  siin  rasi  +  <h,  )Jfwt  =  sin1 1  Utt 

rcJa  '  2n  Jii  1 

f2*  p-cos2t,>e  +  <|>  A        /  p, 
=  ^—  — ^  e/0  =  — — e-sm  (/j8  +  4.| 
2k  k    {  2  j         2k  1  "-'d 

4ti  : 

E-rom  this  result,  we  can  generalize  that 

2      s  I 
Average  value  of  ^Jr/  sin"  (ojf  +  <&,)  =  - 


In 


Average  value  of  l2„~  sin"  (2u>;  +  = 


«:       ,  /  " 

Average  value  or  /Mm  shr       /  +  $„  t  =         nnd  so  on. 

Now.  the  average  value  of  the  product  terms  is 
I  ila 

=  ^  J,,  W^'wt^W'N^.w 


— ^  f  stn{p9+i)).)sin(^9^f))(/e  =  0 
5n    Jn-  v 


Jit 

,-.  Avemae  value  of  j2  =-^f!— +,.,.+  — '— 

2        2  2 


r.m.s.  value.  /  =  yiivcrage  value  of/1  = 


~      2         ~T~  ' 


=  0.707  + 
Equation  (rl  above  may  ako  be  put  in  the  form 
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1  >™. 


=fy+'i+  *; 


—  r.rtl.s  value  of  I'undamenlal 

-  r.tn.y  value  of  2nd  harmonic 


where  /,  =  fa  /  & 

'=/„-/  «2  —wo-*  value  of  flth  harmonic 

Pi  nr*1 

Similarly.  I  he  r.m.s.  value  ui  a  complex  voltage  wave  \s 

e  -  ojmJeJ  +  eJ1*  eJ  =  Vf,1  +  rJ1+...£,1 

Hence,  (he  rule  iv  fta/  r/if  rjn.v.  i-afwc  r>/"f/r<'  ftunptex  current  (or  voltage)  wave  k  given  hy 
the  sqtit»iv-rooi  of  the  sum  of  the  squares  of  the  r.ut.X,  values  of  its  ituhvhhml  umuxmeuh, 

N<rtr,  If  complex  current  w  ave  contains  u  d.c  component  of  umsuni  vriltt  L  then  its  equation  is 
y»en  by 

f»*'w  sin(c«r+(h  )  +     sin(2*»  -f- 0Z  )+.../„„,  sintriuu  +  <)j„| 

r.m.s.  value,  /  =  J/^  +<7U.  /  ^2 /  Jl?  (1^  I  J?)  =  I J  +  y,2  + 

20-5,  Form  Factor  cif  a  Complex  Wave 

R.M.S  value 
In  general,  ii  mav  tie  defined  us  *j  ~  ; 

'     average  value 

A  general  expression  for  form  factor  in  some  simple  eases  may  be  found  as  under  ! 
(/)  Sine  Series.  Suppose  I  he  equation  of  a  complex  vol  [age  wave  is 

\  ■  -  V,  m  sin  air  ±  Vlnl  si  n  3ta/  ±  V5m  si  n  5pr 
■  Vlm  sm6±  V'llwsm3«iK5msin.'>e   where    u)  =  2ti/7. 
Obviously,  zeros  occurs  ai  f  =  ()  or  al  8  =  0"  and  6*  180°  or  fas  771 
Mean  value  over  hall'-cycle  is 

I  r" 


Vt„J"  sin0,£jfe±^,j'1  tinlirf^it^r  sin  5&M 


2  f  U 


I.', 


!  -=*-± 

1  5 


L 


As  found  in  Art.  20.4, 


A  I  — 


1  i-'if 

CL  t 


3  5 

(#)  Casine  Scries.  Consider  ihe  following  cosine  .series  ; 

i-  =  V|1H  cosoof  ±  VVn  cos  3«W±'V^  cos  &flf 

=  Vm  cos  6±      eos  3Q  ±  1^, 

Obviously,  in  this  case,  ?eros  occur  ot  B  =  ±ti/2  or  90*H  Moreover,  positive  and  negauve 
half-cycles  are  symmetrical 

j  r"'3  it      v,    \\  \ 

V*t]    ,    (V^eosetV^costtiV^ccsSe.l^- \Vim±-^-±-f  r 


1/,  V, 
i/    _|_  yJ«i  x  vsrl, 


■7M 
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Kmimplc  20.1.  A  mitotic  s'nv/i  f>\  v  -  W  +  2J  vrn  «*-2W  aim  2«w  ■•  "'.•■V'''  ''••>• 
rwi/it  *hawn  it}  t'lg.  20.5,  What  would  be  the  ftufagt  of  the  mtrwiirvt\  if  w  p  Iti.tHH)  ru<i/s  A, 
ft  tluTiii<n-lei  trie  ttmiHftrt:  Ayu  mnuuit-iatl  utimwin  mi  V  tm  elti  trmtutic  vnlimem: 

Solution.  It  may  be  noted  thai  the  lher- 
moelectrie  ammeter  and  the  electnrvitnlic  volt-  9— 
irieiur  record  ihe  r.m.s.  values  □(  the  current 
and  v ullage  respectively.  Bui  ihc  moving  coil 
ammeter  jcomlfi  the  average  values.  Since  the 
average  values  til"  the  sinusoidal  waves  are 
/em.  hence  the  moving  coil  ammeter  reads 
the  d.e.  component  of  the  current  only.  The 
d.e.  will  pass  only  through  the  inductive 
branch  and  nut  through  the  eapacitive  branch. 
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in 


'  IK 


50 


>oF 


O.U05  H 


=  0.2  \ 


250 

Equivalent,  impedance  of  the  circuit  at  fundamental  frequency  is 
„  _  iR+jXuit-jXf,)    i25il+pth\-pth    WOO-;  11500 


=  10-  ;50  =  5lZ-78"42' 
H  +  jXlA-jXrt        25U  +  jf50-50)  250 

r.m.s.  fundamental  current  J,  =  f,  /        24/51  x  -/z  =  0.33  A 
Equivalent  impedance  uf  tlie  circuit  at  the  SCcoad  harmonic  i\ 

z  _  lR  +  jXL1H-jXLZ)  =  (25Q  +  I00)(-;2S)  =  5 , Jz _ W4g 
R  +  ]XL1-jXcl  2O0  +  /75 

r.m.s.  value  of  second  harmonic  current 

1,  =      /  v/2  =  20/31 J  x  ^2  =  0.449  A 
r.mji.  mmeni  in  the  eincull  is 

1  =  Vdc^T^I  =  VVu'+fB.V  -0,449'  =  0.5  M  A 
Hence,  the  reading  of  the  thermoelectric  ammeter  is  0.593  A 

The  voltmeter  reading  v  -  V'W  +  (24/  J'i  r  +(20/ Jli*  = 
KuJiupIc  20.2.  /')r .»J{  vt>n»fii04»  wtle  tif  ittr  }ullt>wln%  WW 

i  =  KX  ►  iiri  rw  +  40  tin  5  uW 
fh  trrmiHt  ihr  .nnxiui  \ktkHe,  (ft?  RflW.  value  tttttt  form  fdcUH  of  liw 

fBI«Ct  irffrliilllif  Osmmiia  Unit.  I9H51 
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Fortn  factor 


/  762 


-  1 .100 


2t(.fi.  Power  Supplied  by  u  Complex  Wave 

Let  the  complex  voltage  be  represented  by  the  equation 

e  -       ft\nw  +  Elm  sin2(&/+  t'mil  sin  titat 

be  applied  to  a  circuit.  Let  the  equation  of  the  resultant  current  wave  be 


t'**  Iim  sinfuV  +  ()>| )  4  t2m  siiU2(df  +  $3i*  /„m  sinlwtw  +  f, ) 

1  he  instantaneous  value  of  the  power  in  the  circuit  is  p  '  ci  watt 
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Foi  obtaining  ills?  value  of  this  product,  we  will  have  lo  mulnplv  Query  term  ol  the  voltage 
wave,  iti  turn,  by  every  term  in  the  current  wave.  The  average  power  Miplied  during  B  cycle  would 
be  equal  lp  the  sum  of  the  average  values  over  one  cycle  of  each  individual  product  term  How- 
ever, lis  proved  in  An.  20.4  earlier,  the  average  value  of  all  pfOdiKrl  terms  involving  harmonics  ol 
different  frequencies  will  be  zero  over  one  cycle,  so  that  we  need  consider  only  the  products  of 
eurreni  and  voltage  harmonic*  of  the  same  frequency. 

Let  K  consider  a  general  temt  ol  this  nature  i.e.  fc'^  sin        x  l/m  sin  inuV  -*„)  und  find 

tfct  average  value  over  one  cycle  ol"  Ihc  fundamental. 

I  r2n 

Average  value  of  power  -  —       <W,«i  »«      sin  I  "tiir  - 0„  J  ti\  uv  I 

lit  Jo 


8S3B.f-  sinfl6sinfae-«n]</8 

—      WW  I 

2ir.  Jo 


In 

y«  r1*  ^0,,-eosoe-^) 


m  —  .  3 .  -a .  cos^  ^  cos  *. 

where  g  and  7_  are  die  r.iti.s.  values  uf  the  voltage  and  current  res  pec  lively,  (-tanas,  imal  average 
power  supplied  by  a  complex  wave  is  the  sum  nj  she  average  fHWcr  sujtpttfit  by  each  harnumk 

Total  power  is  P  *  £,/,  eos$,  +  £\/7  cos^M-  £„/„  Cffii^,, 

The  overall  power  factor  is  given  by 

total  watts  cosn), +  £  /,  ens*  ,+.... 

pf  *  =   

total  voltamperes  1  -  i 

when  E  =  r.m.s.  value  of  the  complex  voltage  wave 

I  -  r.m.s.  value  of  the  complex  current  wave 
Kxample  IW^S.  A  xmxtr-ftiiase  vnttafir  xt/urve  V  fx  given  b\ 

•  -  ill  \tti"V  •  -C  ?      'cif  +  wji5iur 
i  t>rre>pt«tiitrij;  t.itmrrt  in  ihr  ioati  circuit  to  given  hy 

i  =  lfi_5Mniu*-54.5* )lt11>W,lM(  - JS" |  +      sint5iur -  J4.3" J 
Am4  (hr  ffpwH  mpplifi!  In  tin-  MMM  lHlectrtaaJ  Circuits,  Magiuir  Univ.  I 1 1 

Soliillon.  In  problems  of  such  type,  it  is  best  lo  deal  wills  each  httrmunif  sepaiaiely 
Power  at  fundamental 


E}  1 1  cos* ,  =  5$  M,  cos*,  =  cos  *  |  =  HI         cos54.5'J  =  6755  W 

V2  V2 


Power  at  ?Td  harmonic  =    '*  ^  cos*.  =  — '  - — —cos 38s*  140  5  W 


Bower  al  3lh  liarmoliic  =    1    *  ' —  «*343*« 

Total  power  supplied  =  f>75J  +  140 5  +  55.5  =  871.5  W 


*  Wlivii  humsomLS  (ire  prc*en1.  il  i*  AfMil  ih.u  ilu-  overall  p,l  til  the  Liriiiii  euaner  hi,-  «utcd 
lutein*;  nr  leadnifj  li  »  »imply  1he  ratio  ol  power  in  wails  of  vnlliimpvrc* 
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Pxumplt-  20.4.  ^  complex  volume  i\  i>orii  by  r  -  60  sin  lot  +  2-/      f  ffclf  4-  Wytt)  +  fl2 
w«  (5;<B  I  -i-  Jt/JJ  rv  applied  ut.nm  ft  certain  circuit  and  the  resultrng  current  k  gnm  hy 
t  =  o  r>  mm  -:Tc/It>n  (Ufefcpn  -  2r  /  241+0.1  aim  5n  -  in  /  4j 

r'tutl  fj  J  r.m.x  value  of  curn'nt  uml  voltage  (Hi  total  power  .supplied  on  J 
tlu)  the  nietiill  power  factor. 

Solution.  In  such  problems  whore  harmonics  are  in  vol  veil,  ii  is  best  lo  deal  with  each  har 
monie  separately. 

El               fi( )  x  0  b 
Power  at  fundamental  =  £,/,  CtMM^  -  ''^  lBI  eos^  =  cos  36*  = 

Power  ill  .Vd  harmonic  -  r  c-ta4'iu=  ~^  x ^ 1  ^  x Q 707  -  |  O^W 

2  2 

Power  at  Sih  harmonic  =  coti7S°  =  12x1)1  x  0.25138  =  0.1  ftW 


n  /1 

[0  R.M.S.  curreiu  R.MS,  current  /  =  v'V  +  V+V  =  , 


J       +  —~  +  —~  —  0.438  A 


R.M.S.  volti,  J  —  +  ^11  +  1  .rl  =  46o  V 

\  2       2  2 

.  ~  watts  15,74 

(mi  Overall  p.l.  =  —  *   0.773 

voltampcres     4<S_5  x  (1  438 

20.7.  Htirmoiiic*  in  Single-phase  A-C.  Circuit*. 

If  un  alternating  voltage,  containing  various  harmonics,  is  applied  to  a  single-phase  circuit 
containing  linear  circuit  elements,  ihen  the  current  so  produced  also  contains  harmonic!..  Each 
harmonic  voltage  will  produce  its  own  current  independent  of  others.  By  the  principle  of  superpo- 
sition, the  combined  current  can  be  found  We  will  now  consider  some  of  the  well-known  ele- 
ments like  pure  resistance,  pure  inductance  and  pure  capacitance  and  then  various  combinations  ol 
these.  In  each  case,  wo  will  assume  that  the  applied  complex  voltage  is  represented  by 

f  -  £,„,  sin  cur  +  E2m  sin2co/+  +EH„,  sinw»r 

Iff)  Purr  Resistance 

Let  (he  circuit  have  a  resistance  of  it  which  is  independent  of  frequency. 
The  instantaneous  current     due  to  fundomeniai  voltage  is 

1  R 

...   .,   ,  sin  2to/ 

Similarly.  f;   for  2nd  harmoruc 

W 

,  E  sinnnv 

and  t„   „  for  ot h  harmonic 

n 

total  current  j  = /,  +  1, +,,..+/„ 

£,Msin<or  |  E^smlxai  |    (  E,m  sinww 
K               R  R 
=  l(m  sin (0/  +  /2(n  nin2<0/+  siunov 
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li  vhows  that 

it)  the  waveform  erf  the  resulting  current  is  similar  to  that  of  the  applied  voltage  i.e.  the 

two  wavi'fi  are  identical 
dt)  thfl  percentage  of  harmonic  Content  in  die  current  wave  is  the  same  as  in  the  applied 

voltage. 
\b)  I'urv  Inductance 

Let  the  inductance  of  the  circuit  he  I  henry  whose  reactance  varies  directly  as  the  frequency 
of  the  applied  voltage.  Its  reactance  for  the  fundamental  would  be  .V  -  Oil,:  for  [he  second 
harmonic.  3fe  =  2i\iL.  for  the  third  harmonic.  A\  =  2v)L  and  for  the  «th  harmonic  X  -  muL- 
However.  for  every  harmonic  term,  the  current  will  lag  behind  the  vol  luge  by 

E. 

Current  due  to  fundamental,  r,  =  — —  sinfov  -  re/  2> 

<jaL 

E  n 

Current  due  to  2nd  harmonic,   h  =  -  —  sin<2tor-  rr/2> 

2<aL 

f 

Current  due  to  3rd  harmonic,  f,  =        sin<3ulf-  It t  2t 

hat 

E 

Current  due  to  nth  harmonic,  L  ~        sin  (now-  Kl2\ 

itVii* 

.-,  Total  current  f  =  r,-t-h+  i„ 

=  3k  sin{cv  -  it  /  2)  +  •-<*?  sin  <2ov  -  *  /  2>+. . . .+  - ^  rortnoV  -  n. /  2} 
tuZ.  2aiL  «oj/. 

1 1  can  he  seen  from  the  above  equation  that 

tt)  die  waveform  of  the  current  differs  front  that  of  the  applied  voltage. 

Hi)  for  the  nth  harmonic,  the  percentage  harmonic  content  in  the  current-wave  is  I  in  ol  die 
corresponding  harmonic  content  ill  the  voltage  wave.  It  means  dial  in  an  inductive 
circuit,  the  current  waveform  shows  less  distortion  that  the  voltage  waveform  In  this 
case,  current  more  nearly  approaches  a  sine  wave  than  it  does  in  a  circuit  containing 
resistance. 

U  )  Cure  Capacitance 

In  this  case, 

Xj  ■  —  -  Tor  fundamental  ;      =  z~z  -  for  2nd  harmonic 

Xi  =  — — ;        ^  Tor  3rd  harmonic  ,  X „  =  -  far  mh  harmonic 

3tuC  muC 

l 

f,  =         sinfQW  +  k  1 2)  -  ci) CEln  *in  roar  +n / 2) 
I  /  iiit 

U  -  sint2cM+Tr/2>=2ii)CrT,r„  sin  (2fuf+  re/ 2) 

"     1 1 2(aC 

i„  -   £""    sintww-i-rc/2l  =  fia>C£,,m  *in  (ntiM 7t/2> 
1/rrloC 

For  every  harmonic  term,  die  current  will  lead  the  vohage  by  90* 

Mow  j'  =  fc  +  r,  +   +  f 

=  cu  C  £    sinUu  f  +  jt  /  2)  +  2coC  £,„,  sin  (2cm  +  rt  /  2H...+ffWCE„w  sinfnwr  +  rr  /  2) 

This  equation  shows  that 
ih;  die  current  and  voltage  waveforms  are  dissimilar. 

(ii)  percentage  humionic  content  of  the  current  is  larger  than  thai  ol  ihe  applied  voltage 
wave.  For  example,  for  ndi  harmonic,  it  would  be  h  time  larger. 
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iiii}  as  a  result,  the  eurrerti  wave  is  ntnre  distorted!  than  the  milage  wave, 

(m  i  effect  at  capacitor  on  distortion  i>  just  the  reverse  nl  that  tif  inductance. 

tvampli  2(K5.  1  complex  wn  >  nj  <  ,t!.\  ,ohte  2J0  V  htts  2(r%  frd  hunnmtc  cvmtm,  SJt  58k 
iutrmtmtc  vottient  \intl  2'  i  7f'i  humuviif  content.  Foul  ilir  r.m  s.  uifiu  <•!  the  (intthintentat  ant!  o/ 
each  luirmtiM.  T.kcl.  Circuits.  I  iu jurat  Uni*.  1 1185) 

Solution.  Let  V,.  V"  V'  and  V  .  be  llie  r.rn.<..  values  ul  the  iuiklaitiL-iiial  and  tiarmonic  volt- 
ages.  Then 

V,  =  02  Vt  ;  V5  =  0.05      and  Vn  =  0.02  l/( 
240  -fV,"  +  V'32+  V53+  V,2)"3 

240  -  |  y£  +  (0.2  v,  r  +  (0.05  ^  +  (0.02  \\  y \,a 

V  =  235  \  :Y{=  0  2  x  2.15  =  47  \ 
^  =  0.05  *  235  =  11. 75  \  i  V,  =  0.02  x  235  =  4.7  \ 
l.vamule  20.6.  Divive  an  fxpiYMttu)  fat  the  power,  pawtt  ft&ttit  inui  i.m  i   value  for  a 
ampler  tvai* 

•I  voitiiffc  r  =  2JiO  .un  eg/ +50  sin  {Mat  f  n/3)  +2  stn  Itur  +5ji  1  (i)  ft  applied  to  a  series 
an  tilt  of  re\ixiatur  2ft  U  ii/ur  inductance  OV^  H  Vertve  (it)  an  rxprexmtm  for  the  tttrmtt 
(hi  the  r/iu  lYi/ue  (i/  rurrY'/tf  i/nti  fur  the  voltage  (c)  the  total  (ft>wet  waited  and  tdi  the 
fttnvrr  factor  lake  (j)  =  J 14  rtni/s  Tkcirical  Circuits.  Vigour  Lnis.  JWIj 

solutinn.  fur  runriii mental 

X,  =£oL  =  314  xO.05  =  15.7  {2*  Z,  =  20+ /I  5.7  =  25.4Z38.rfl 
I  or  I  bird  ILirmonii 

Xj  =  JUL  -  Jx  15.7  =  47.IO;  Z,  =  20+  J47.I  =  53 -2Z67"U 
Fur  MTUi  Jiurrimnh 

X=  =  5oi/.  =  5  x  15.7  =  78.5  fi:  2^  =  20+ ;78_5  =  KIZ75.7°Q 
ijji  F.tprfs.'.iftn  lor  the  current  is 

i  -  —  sin«.v  -  38,1"  |  +  —  sin  ( .Hi*  +  (S0°-fi7°  j  +  — sinf  5(01  +  150a-75.7''  > 
25.4  5U  81 

.-.  ;  =  4 .84  s  mi  uif  -  3  8. 1 0  t  +  O.y  si  n  [  3ov  -  "?u  i  +  ( )25  smi  5 w  +  74.3° ) 


V    2        2  2 


2        2  2 
/  =  v/4«  92  =  *.«»  V 


J '*^tJJ'  5(1" 

/f  A/.  S  V  -  J  —  +  ^j-  +  ^-  =  1 80.8  V 

in  Total  pipwer         =  /:/f  «  48.M2  «  20  =  97K  \\ 

Wfltts  "378 
(,/)  Power  factor  =-va"=1B0Ji(M9  =  0*773 
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Fvampli-  2IJ.7.  An  r.m.\.  eurrrnt  at  5  A  whk'h  Itta  <t  third  hunmmu  mnieni.  a  flawed 
through  a  rttit  tutvmx  a  n-stsumrf  of  I  u  and  an  indmuime  of  111  mH.  The  r.m.i  valiaw  ucwm 
the  end  \  i  JH  \  '  Ctli/iluu-  /'if  meipnmidr  <>;  the  funduitwitud  and  hunriuim  niinpanent\  al  •  ttnxm 
sf  the  ttmdaitu  tihil  trfifitciu  i  iv  M»ifl  r  U:.  Also,  find  the  pawct  dixsipated. 

Sululiun.  in  KuiKlaiiifiil.il  I  i (.quint > 

G>  =  300  nid/s  ;  Xf  =  300  x  II)  2  =  3  EJ  .*.  Z(  =  I  +  j  3  =  3. 16  Z  716"  ohm 
If     is  the  r.m.v  value  id  the  fundamental  tallage  ihtoss  die  coil,  then 

i  =  tfc  -  us  /, 

lu)  Third  Hunnunic 

*.«*3*  3  *9  I)  ;     =  I  +  j  9  =  9.05  ^  83  7°  ohm  :  V,  =       =  9.05  /, 
%lnu  rati  current  of  the  complex  wave  is  5  A  arid  r,m.^  voltage  dmp  2(1  V 


5  =  t//,3-*/,1  and  20  =       +  V,J 


Subsiuuiing  ihc  values  of  V  and  I',,  we  get  20=  |Q.IG  fjT  +  (9.05  t^]m 
Solving  for  ff  and  /(.  we  have  lf  -  4.8  A  und  /(  =  1.4-J  A 

Power  dissipated  =  l:R  =  S2  x  I  =  25  V\ 

Example  2041.  An  i-,m/  represented  by  the  eauatum  e  =  150  fin  Jl4  f  *■  SO  xtn  V42  t  u 

applied  if  ft  t  ufmi  tti'T  havim;  .■;  i  cqnn  nun.  <  20  pb  What  f.v  the  r.m.x.  value  t*f  the  irhurxmfj  cur- 
rent t 

Snliilmn.  lor  1  uikLiiiu  ntiil 

Xa  =  \l(aC  =  10*  /20x3l4  fa  15911:  /lm  =  Elm  f  Xa  -  150/ 159  =■  0,943  A 


tVir  Ihird  Harmuolc 

JV0  =  1/3  <i><T  =  15 
r.m.s.  value  of  charging  Current 


=  1/3  wC  =  159/3  =  53  Q  /,  =  E,  IX  ^  =  50/53  =  0.943  A 


0.943-    0.943-  , 

 +  —   or  IwOJHSA 


l  sainpk  211. "J.  !'t  liayr  yivt'tt  t>\  i  -  IW  eo,\  M4  t  +  Jdijn  f /J7W     101  tl  ttppluJ  M 

«J  rVnT(//  rXtUll>rtl|^  I'/iJ         Si    FTVIMUHfl-,  rf  //  inditt  him  e  und  il  5///J/'  <■  Vf/JfTr  1/rT  /*ffi  j;vi/l^ 

f/fr  ifi.Tmrim/rrnifJ  current  ihmugh  the  em  uil  A/.fn  /rni^  ffre  vrt/uf  <j/  f/rr  voiw^f  <»?i/ 

Nulutiun.  Ir»r  Kundanu-nial 

(a  =314  rad/s;  Xt  =  314  x  0.02  =  6.28  ti 

Xc  =  IffiGH  x  50  =  63.8  fl  .  V  =  Yf  -  Y(  «  6.28  -  63  8  ■  -  57.32  A 

1  ■  v/l0?+(-57_32)1  *  58.3      :  /,   =  100/58.3  =  1  7)  A 

(p,  =  tan  1  I-  57  32/10)  =  -  B0.2p(tcad)  :     =  I  71  cos  (il4j  +  80-2") 
Fur  Fifth  Hiiruiunk- 

Inductive  reactance  =  5  XL  =■  5  x  6.28  a  31.4  12 
Capacitive  reactance  =  X^  =  63.8/5  =  12.76  il 
Net  reaclance  =  31.4-  12.76=  18.64  £2 


Z=  ^I0s+I8j542  -2I.2Q 


^  =  5<y2U  =  2-36A;  ^  -Um-'  (18.64/10)  =  61.8' flag) 
f  =  2.36  sin  (1570  t  -  30"  -  61  8°)  =  136  sin  1 1570r  -  91.8") 
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tXeetrieal  Teehm>hf;\ 


Hence,  lotul  m/vtuntiineoLis  current  U 


I  a  f,  +  it  =  I  71  ens  (.114  1  +  BIV2-I  +  2.36  sim!57()/  -  9l.K"l 


fLM.S.  turrent 


+  50^  = 

F 

5 

IT 

+  ■ 

2 

7VJ!  V 


hxumpit  2*1.  HI.  1     -    pt  <  apanli'r  11  nmiwrtfii  in  purtiUel  with  a  rexistanee  of  SIM)  il 
and  the  vombimiion  i\  i-mmeetet!  111  writs  with  a  500-  £2  PtiiMor  The  whole  t  in  uit  b  voruietted 
aentsx  an  a.r  voltage  gtwn  hy  e  *  MM  xm  on  •  M0  sin  {\m  +  ft  /  ft], 
il"  ru  =114  tad's,  find 
HI  power  di.wipuled  in  the  eirxuit 
tit)  an  expression  far  the  voltage  it  emu  the 
writ'*  re\i\tor 


(Hi)  the  prn't'ntuar  hiirmnnir  rontetit 
in  tin  r<  <,nlitlit)  1  111  n  ut 

Solution.  Knr  i  und;munl;il 


10° 


-  500  a 


5W  11 


635  uF 


500  u 


I'll*.  20M 


*n~  raC  "  314x6.36 
The  impedance  of  ihc  whole  senes-Piu- 
iDd  circuii  is  given  by 

Z  =  500  +■  *?b#S!  »  75(»  -  /250  =  79 1 Z  -  1 8.4' 
500  -  /500 

F«r  Third  Harmonic 

Xn=l/3uJC=  500/3=  I67Q 

-  -    / ,  -  500  +  ^^ZZ^Zl  ^      -  j  1 50  s  570  ^  -  tfj- 
500-;' 167 

300  H  H I 

.-.  /  =  ^—  siniow  4  IH.-Tlt^  stnCkaf  ■*  45  J"  1 
791  570 

=  0 3U7  si  n  ( <ar  + 1 8.4" )  +  0. 1 75  s  i  n  I  Hot  +  45  3 1 
trj  Puwcr  dissipated  s  cosi^  +  £^J^  eosfr, 


300*0379        HU4„   MWxO.173  .__ 

=  xcos|8.4*+  cos  153=  62.4  \V 

i  2 

1  j /  J  Hie  wiling  ilmp  ucmss  ihc  series  resislnr  would  be 

=  i/f=50O[U37<J  sin  Hat  +  IK  4" 1+  tn75sim3ctif  +  453" )) 
eK  =          sin       ■  18.4"  1  *  S7.5siiif3{uf +453"  | 
(«'»">  The  percentage  rmrminiic  conlenl  of  the  current  is  a  87.571 89 3  x  100  =  46.2f* 
Example  20.1 1.  An  itltenmiuix  voltage  ofv  =  i.O  tin  M.Hh  +  <)..(-  un  IVH>t  i.\  applied  .r. 
<i  lupuruor  wMdl  <wi     represented  b\  a  mpaeiutme  of  0.5  pF  vhunlrd  hv  a  mxismmr  of  •tJUMi 
ii  Determine 

ftl  the  kmji-  value  at  tin-  tunent    >>i)  the  r.m.s.  vatur  of  the  ttpptteit  voltage 
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liu)  she  p,f,  of  the  cintitt.  (Circuit  Hhmh-j  and  I  uuiponents.  Mudras  Univ.  I'MSI) 

Solution.  For  Fundamental  ]F'ig.  20.7  (a)] 


ft  3 


Vt  =  10!  ft  =0.707  V 

Lei,  V  =  i .0.707  +  JO) 

Capacitive  reactance 

=  JX(1=  j  lO'VSWI  x  0.5 
= ,/  40CK )  £1 ;  R  =  4,000  il 


ah  I 


M 


|%  211.7 


-  0.707/4.000  =  0.177  rriA 
j£J  =  0.707/-/4.000  =  j0. 1 77  m/A 
L  /  =0.177  +  jfO.177 
=  0.25  ^45"mA 


Hence,  /  lend  the  fundamental  voltage  hy  45". 
p    =  0.707  x  0.177  =        mW  :  P  .  =0 

ititl  all 


Fur  Third  Harmonic  [Fig.  20.7  (b\\ 
V,  =  0  5/^2  a  0  3531  ^O"  :  /f  =  4,000  12  ;  *    =  -/4.000/3  £2 
1^,  =  0.3535MO00  =  0.0884  Z  (F  rnA  ;  t,(f,  *  0.3535/-jr(4.O«V3)  =  j  0.265  mA 
I,  =  0  0884  +  =  0.28  Z  7], 6"  mA 


P  ,  =  0.3535  *  0,0884 


0.0313  mW 


P  n  =  0 


{f)  fl.A/.S.  cum.nl  =  JTfTJJ  =  Jo.25:  +  0.28"  =  0.374  mA 

(ifj  K.AfS.  voltage  -  ^  ]  /  ^2  r  +  (0.5  /  J2V  =  «-79  V 
N7f>  Power  faeior  =  waiis/vultunippcra 


Wattage  =  r  13 .125  +  *  l(r'  =0.1563  x  10  '  W 

Vol! -amperes  =  0.79  x  0.374  =  0.295  ,  p.J.  =  0  1563  x  10  Vo.295  "  U,<KIU5 
20.8.  Seleclhe  Ri-sonaiui'  dm  hi  Harmonics 

When  j i  complex  voltage  is  applied  across  a  circuit  containing  both  inductance  and  capaci- 
tance, it  may  happen  thai  die  circuit  resonates  ai  one  of  ihe  harmonic  Frequencies  of  the  applied 
voltage.  This  phenomenon  is  known  as  selecfivt-  resonance. 

If  it  ij'  h  series.  circuit,  then  large  currents  would  he  produced  at  resonance,  even  I  hough  the 
applied  voltage  due  lo  this  harmonic  may  he  small.  Consequently,  it  would  result  in  large  har- 
monic voltage  appearing  across  both  the  capacitor  and  die  inductance. 

If  it  is  a  parallel  circuit,  ihen  a]  resonant  Frequency,  the  resulltinl  current  drawn  from  the 
supply  would  he  minimum, 

ft  is  because  ui  die  possibility  of  sueh  selective  resonance  happening  Ihttl  every  effort  is 
made  lo  eliminate  harmonics  in  supply  vol  late 

However,  lite  phenomenon  of  selective  resonance  has  been  usefully  employed  in  some  wave 
analyses  lor  determining  the  harmonic  content  of  alternating  waveforms.  For  tills  purpose,  a  vari- 
ahle  inductance,  a  variable  capacitor,  a  variable  non-inductive  resistor  and  a  fixed  non-inductive 
resistance  or  shunt  for  an  oscillograph  are  connected  in  series  and  connected  lo  show  Ihe  wave- 
form of  the  voltage  across  the  fixed  non-inductive  resistance.  The  values  of  induetance  and  capaci- 
tance are  adjusted  successive ly  to  give  resonance  for  the  first,  third,  fust  ami  seventh  harmonics 
and  a  record  of  the  waveform  is  obtained  by  the  oscillograph.  A  quick  inspection  of  the  shape  of 
die  waveform  helps  to  detect  (lie  presence  of  absence  of  a  particular  harmonic. 

Example  24.12.  An  (■.'».'  >■  -        wi  tin   i  Ut  vj/i  '  «u  t  10  ■.m  *  tor  is  wi/'/vwtt/  on  o 

fin-tut  coittfirisinf;  of  u  resistance  of  10  il.  a  variable  wtttiflor  ami  a  capueiitince  of  JO  pF,  all 
amneaed  in  .series.  Find  the  value  of  the  inductance  which  will  given  resonance  with  triple  fre- 
queue?  .  nmptmetu  of  th,  pn  \s\m  and  estitmite  the  effective  p.f.  of  die  eueuil,  ui  -  300  ntdkud 
Keond.  lElcel.  Engg.  I,  Bombay  I  niv.  1 985 1 

Sr h| nt ion.  For  resonance  at  third  harmonic 


3to/-^  l/3toC 


-f  -M\t 


t.  =  I/O  to"  r=  Id'W  *  MUf  x  10-IUI4I  H 


10" 
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."■W.  —  \=  10  +  iGhM  -  37.CJI  =  10ZU" 


i  5oC^T", 


=  111+  j(fil.5-22.2)  =  10+ j39.3  =  40.56  Z75.7" 


/    =  20Q/W.3  =:  2,01 5  A  :  L   -  40/10  =  4A  i  /t   =  10/40.56  =  0.246  A 


(2.0!  5"    4*  0.246' 

f  =  J  4- —  +  =  v4  0.0ft  =1172  A 

2        2  2 


200 1    40"  ]02 


+-- —  +  - —  =.  144.5  V  ;  Power  =  PR  =  10.06  *  1(1  =  10U.fi  W 


"11    2         2  2 
Voli-ampcrtss  V/  =  144.5  x  3.172  -  458  VA  :  Power  lactgc  =  KHJ.fi/458  =«^2 

Example  31.13.  A  Itiivinx  R  -  ii  <e?pj  L  -  0.1  H  h  nmnctteti  m  series  will)  u 
capai-iUff  tK-rvM  ti  mppfo.  the  wlt,ii;r  nj  illicit  it  given  by  t  -  iW  jfe  ?Mf  +  .s  MM  JMfifilffc  WW 
<  ,ipa<  itutn-e  would  be  required  tri  pmduie  rrstmuitve  n  illt  (lit1  I  tit}  hunmutu  Find  {ti\  the  tt/uti- 
t\t»\  ft  tin  t  urrcnt  iinti  th)  rtu  r.m.s.  value  t<i  the  eurrent.  it  tlii\  rtiptittimue  i.\  in  <  in  ml 

Snkitluu.  For  scries  resonance.  Jtt  -  X( 

Since  resonance  ts  required  fcir  1  1th  harmonic  whose  frequency  is  3454  rad/s.  hence 
t  1 
3454  C        3454  x  0.1 

(a)  For  Fundamental 

Inductive  reaclance  -  wL  =  314  x  0.1  =  3 1.4  fl 

Capaati vc  react i nice  =  I/O)  C'  =  10"  / 0.836 x 3 1 4  =  3796 £i 

A  Nei  reactance  =  3746  -  314  =  37fi5  iJ  ;  Resistance  =  100  l~i 

>/|O0:  4  3765 5  =  37  o7  ft :  lun  4>,  =  3765/100  =  37.65 
0,  =  SS^K'  [leading  =  1.546  radian 

New  Elm  =  200  1-' ;  Z,  -  3767  £2      *  /.   =  200/3767  =  0.0531  A 

LkvcJilh  Harmonic 

New  reactance  -  0;  Impedance  Z([  =  100  Q 

■  Current  J,,   =  5/100  =  0.05  A  :  <b.,  =0  at  resonance 

1 1  in  T" 

Hence.  I  he  equation  of  I  lie  current  is  ■ 

inn  \ 

(sin  3 14 1  + 1.546)  +  —  sin  (3454  f  +  0) 


3767  100 
i  =  i j. (t5.i  |  sin  1 3 1 4  I  +  1.54m  +  0.U5  sin  3454  t 


*h\  /  ^  JtU.053 1 r  / 2  +  f0.05)?  / 2  =  "-052  A 

20.9.  FITi-i't  irf  Harmonics  mi  Muasurvmviit  ut  Inductance  and  I  a pact Line e 

Generally,  wufh  the  help  of  ammeter  and  vnlimeier  rcatiingR,  ibe  value  of  impedance,  rnduc- 
<anee  and  eapaci lance  of  a  circuit  can  be  calculated.  But  while  dealing  with  complex  voltages,  the 
use  of  instrument  readings  does  not,  in  general,  give  con-eel  values  of  inductance  and  capaciianee 
except  in  the  case  of  a  circuit  containing  only  pure  resistance.  Il  is  so  because,  in  the  case  of 
resistance,  (he  voltage  and  current  waveforms  are  similar  and  hence  the  values  of  r.m.s.  volts  and 
r.m.s  amperes  (as  read  by  the  vollmeier  and  ammeter  respectively)  would  be  the  same  whelher 
they  ware  sinusoidal  or  non-sinusoidal  (i.e.  complex). 

Il)  Kfl't'ci  on  Inductances 

Let  /,  be  (he  inductance  of  a  circuit  and  E  and  /  the  r.m.s.  values  of  the  applied  voltage  and 


lianw>nic\ 


717 


Hence 


/  *  0.707 


<u  t. 


£3* 


Li  {SaL} 


0.707 
(9  i  ' 


2      1         "*       I  1 


(0/  Vl         9   ,m     25  ^ 
Per  calculating  the  value  of  /,  fi»m  the  ubove  expression,  i)  is  necessary  to  known  fte  aftSO- 
lute  value  of  the  amplitudes  of  several  harmonic  voltage*.  But,  in  practices,  it  is  more  convenient 
to  deal  With  relative  values  than  with  absolute  valuer.  For  this  purpose,  lei  us  multiply  and  divide 
die  right- hand  side  of  [he  above  expression  by  £  but  write  the  E  in  the  denominator  in  iLs  I'urm 

0.707    J<.Ej  +  Ej+Ej+  ) 


IN 


0.707J1 


(4  tij 


+  I 


__£    £^+i/9  /^-+i/;s  5H/  +  ,) 


flu" 


U  ihe  effeel  of  harmonics  were  lo  be  neglected,  then  the  value  of  [he  inductance  would 
appear  10  be  £  /  ut  I  bui  the  true  or  actual  value  is  less  than  this.  The  apparent  vuluc  has  to  be 
multiplied  by  the  quantity  under  the  radit.nl  to  set  the  I  rue  value  of  inductance  when  harmonics  are 
present 

The  quantity  under  the  radical  is  called  the  correction  factor  j>, 
True  inductance  tAi  =  AppatCttl  inductance  ((,')  x  correction  factor 
1  n  i  Kffeci  on  t  a\ku  humr- 

Let  die  capacitance  of  the  ciraiil  be  C  farads  and  E  and  /  the  instrument  readings  for  voltage 
anil  current.  Since  die  instruments  read  r.rn.s.  values,  hence,  as  before, 

£  =  n.TM<]iEj+£j+£im2+  ) 

i  =0.707 


Hence 


(  l/.ltrjf 


■1 


-Swi 


1/StJL' 


=  11707  J(^C£,m  r  H*flC£\w  r  +  (ScoC  £5ni 
-0.707  wr/^7 


0.707©  J(  E|m3  +  <?E  J  ■  +  23fis„3  +....) 
Again,  we  will  multiply  and  divide  the  right-hand  side  E  but  hi  this  case,  we  will  write  E  in 

the  numtrutm  in  iis  form  [0.707 <^\E\m~  +  E\m~  +  E^IH~+....}\ 


I 


Efe,  +  ) 


x 


0.707 


+  E3J  +  E^  +  > 


7IX 


Electrical  Technology 


Again,  if  the  effects  ef  harmonics  were  neglected,  the  value  of  capacitance  would  appear  lu 
he  /,'oj£  hut  its  true  value  is  less  than  ihis.  For  getting  the  true  value,  this  apparent  value  will 
have  ir>  he  multiplied  by  the  quantity  under  the  radical  (which,  therefore,  is  referred  to  w  irurrec- 
■  101  k  factor!.* 

.-,  True  capacitance  <Q  =  Apparent  capacitance.  (  C'  1  x  correction  factor 
Kxamplc  20.1-1.  A  mrrenf  of  5(}-Hz  ttintuinin^  finti.  third  am!  fifth  harmonics  of  minimum 
values  J(X).  15  and  J 2  A  trxpeatvelv,  is  sent  thrtm%h  an  ammeter  utid  un  huiuirivc  ctill  of  ne-ghxt- 
hh  small  resistance  A  iW/mr/rr ,  miticctcd  fa  the  terminal)  tfiun  \  75  V  What  would  he  tin1  cutrrnt 
indicated  )sv  die  aimnelei  ami  what  it  tin-  exact  calm  oj  the  imlm  Sunt  e  of  the  rail  in  henry*  '' 
Solution.  I  be  i  m.s.  Liirreiil  is 


I  ■  $W4(&  +&/*4/  =  0.707^I(K)2+153  +  I2:)  a  72  A 
Hence,  current  indicated  by  the  ammeter  is  72  A 


Now 
A  U.i 


E  =  li.lW  j(F.  J +£  J +E,J) 


F  F.  F 


=  tm.raliiEfo  =  l^^L.E^  =U,„  5tnL 
75  =  0.707 L X  2it  x 50  JlOO1  +     153  +  25  x  12-  n         /.  =  0.0027  H 


Note.  Apparent  inductance  L'  =  —  =    

to/  2nx5(Jx72 


Example  20.15.  Hie  ca/iacitoiice  oj  a  2(1  fir  lapacttai  h  chri  ketl  in  dim  t  nmnectum  la  an 

alio-mttm.u  udiave  which  it  utpf  d  u>  in  an  elcctiustath  Htltmctn  and  a  d\namoit\ 

etcr  ammeter  fwinx  used  for  measure  mem.  //  the  itdta^e  actually  fallows  the  Unc. 

e  u  tiki  sin  250  t  +  20  sm  f5«0  -  0 /  +  ID  sin  (750  t  -  4>  > 

Catcahite  die  value  of  ca;racimnce  ai  tthititned from  the  direct  ratio  of  (he  instrument  readings. 

Solution.  True  value,    C  =  20  p/ 

Apparent  value        f  =  value  read  hy  the  instruments  , 
Now,  C  -C'  x  correction  factor. 

Let  us  find  the  value  of  correction  Factor. 


Here 


£    =  \m  ;  F.n  -  20  and       -  \» 


Correction  factor 


1 


HHI-+2Q-+IQ-  

t00'+4x20:+9xin:! 


=  0.9 1 


20  =  C  x  0,9 1  fift  .-.  c'  =  20  /  0,cj  1 66  =21-82  jiK 

21. 10  Hnrmotiics  in  DilTerent  Tlin.t-pha«?  Systems 

In  tree- phase  vy stems,  harmonics  may  he  produced  in  the  same  way  as  in  single-phase  sys- 
tems. 


h  jinn      iKHi'd  Hi, n  itui  n>rrei.iimi  lanor  i>.  iliO'creni  1'rom  that  in  die  ease  o|  pure  Inductance. 
I  le i ice.  lor  all  calculation  they  atv  ueated  in  the  same  nuintier  i.e.  each  liamutnii:  i<i  Ircaled 
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separately.  Usually,  even  harmonics  itre  absent  in  such  systems.  Bui  tare  must  he  exercised  when 
dealing  with  odd,  especially,  Ihird  harmonics  and  all  multiples  uf  3rd  harmonic  (also  called  I  he 
in  pie- »  lutrmontcs) 

(a)  Expressions  for  Phase  li.M.Fs. 

Lei  us  consider  a  3-phase  alternator  having  identical  phase  windings  iR,  Y  and  B)  in  which 
harmonics  are  produced.  The  three  phase  cm, Is.  would  be  represented  m  their  proper  phase  se- 
quence by  the  equation. 

rR, -£mM±%\+  £M 0Ut  +  T,  j  +  £,M  sin(5cu/  +  4*, ;+  


W-y+*i  )^^|^-^)+^|  +  ^*in|i(^-y)  +  *sj 


On  simplification,  these  become 
f R  =  Eu„  sin^oif  +     )  +  E-H,t3ujf  ■+     .1  +  E^m  iin|5ajf  +■  T,  H-       -  as  before 

rY  =Eln  sin  ul/-~fT,  J  +  ^sinOuv-lir  +  ^l  +  ^sin^tu/-  — 


i 


cut  - J  +  i'1rt1  sin(3wf  +  MV  +  ^  sin  5cur  -  —  +  4\  J 

=  £,„  sin  j^u*  -  y  +  4\  ]•+  El(n  sin( +     )  +  rT5M  sin ^5tof -  y  4  V,  j  +■  

hrttm  these  expressions,  il  is  clear  that 
ti  l  All  third  harmonics  are  equal  in  all  phases  of  the  circuit  i.f.  they  me  in  unit:  phase, 
i. j r  i  Kilili  harmonics  m  itie  ihret?  phases  have  a  negative  phase  sequence  of  K.  H.  V  beeiiiise  lite  fifili 

harmonic  of  blue  phase  reaches  its  mas  imam  value  before  that  in  the  yellow  phase. 
\isi'\  All  iKirriionteii  which  are  mil  multiple*  of  lhite,  liave  a  phase  displacemenl  of  \2Pf  so  that  they  can  he 

dealt  with  in  ihc  usual  manner, 
in  i   Ai  .my  irisi.nu  .ill  'In-  c  m  t1-  ii.ive  ilic  same  direction  which  means  that  In  the  ease  of  a  I'-coiincclcd 

system  they  tin:  directed  eilher  uway  hum  or  towards  the  neutral  puitu  and  In  die  case  of  A-connected 

system,  ihey  flow  Ln  the  ^ume  direction, 

Mam  points  can  be  summarized  as  below  : 
(j'l  all  triplc-tr  harmonics  /.c  3rd,  sfth.  15th  etc  arc  m  phase, 
\ni  ihe  7ih.  1 1th  mid  19th  harmonics  have  positive  phase  rotation  or  W,  It',  W. 
i ni'i  ihe  Sth.  I  Hh  mul  1 7th  Imrmimics  have  a  negative  phase  sequence  of  W,  B,  Y 

\hi  Line  Voltage  for  a  Stur-cunner  ted  System 

In  this  system,  the  line  voltages  will  be  die  difference  between  successive  phase  voltages  and 
hence  will  contain  no  third  harmonic  terms  because  they,  being  identical  in  each  phase,  will  cancel 
out.  The  fundamental  will  have  a  line  voltage  ^3  times  the  phase  voltage.  Also,  fifth  harmonic 
has  line  voltage        its  phase  vcjtagc. 

Bui  il  should  be  noted  I  hat  in  tbis  case  Ihc  r.m.s.  value  of  I  he  line  vultape  will  be  less  than 
times  the  r.m.s.  value  of  the  phase  voltage  due  io  the  absence  of  third  hannonie  term  from  the 
line  voltage.  It  can  be  proved  that  for  any  line  voltage, 

f  77  7  ;  


Line  value  =  S        £r"  +  fr*  

where  £)n  £t  etc,  are  r.m.s.  values  of  (he  phase  cm. Is. 
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(C)  Une  V  nl  luge  Ihr  a  A-ctinnct'«tt1  System 

[['  the  winding  of  the  attenuator  are  delta-connected,  then  fhe  resultant  e.m.f.  acting  round  the 
closed  mesh  would  be  the  sum  of  the  phase  e.m.l's.  The  sum  of  these  c.m.fs.  is  zero  for  fundamen- 
tal, 5th,  "7th.  1  Ith  etc.  liarmonies.  Since  the  third  harmonics  are  in  phase,  there  wi]]  he  a  resutlant 
third  harmonic  e.m.f.  of  three  times  the  phase  value  acting  round  the  dosed  mesh.  Ii  will  produce 
n  circulating  current  whose  value  will  depend  on  the  impedance  of  ihc  windings  at  the  third  har- 
monic frequency,  ft  means  that  the  third  harmonic  e.m.f.  would  be  short-circuited  by  the  windings 
with  the  resull  thai  there  will  he  no  third  harmonic  voitage  across  the  lines.  The  same  is  applicable 
to  all  tfiple-fi  harmonic  voltages.  Obviously,  the  line  Voltage  will  be  the  phase  voltage  hut  without 
the  iriplc-fi  terms. 

Example  20.16.  A  J-(|)  #<wwJt>r  has  tt  fOmMkht  r.m.f  of  2Mi  V  n  fr/r  i$  pfl  rem  third 
Immi'iiii,  ,1/hi  10  pa  inn  fifth  luiroifiiiu     'itit'ui,  {'nh\tH\i< 
4  J  J  thr  r,m..<i.  win?  oj  line  \'{>lnig?  for  Y  cmuttxtiaii 
[j)  J  Ihr  r,oi.A  uiliu  uf  iiur  wlui/p  for  A  nmnfrtk/fL 
Sdluliim.  Let  Ef,  Ev  Ei  be  the  r.m.s.  values  of  the  phase  e.m.fs.  Then 
£,«(M5     and  ^  =  0.1  £, 

230  *  -J^,2  +(0.15£1  )7 +«).!£,  f 

£,  -  22&  V       .-,   Ej  =  0, 1 5  x  226  =  34  V  and  Es  *  0. 1  *  22ft=22.ft  V 
u'i  r.m.s.  value  of  the  fundamental  line  voltage  —  ^3  x  226  =  392  V 
r.m.s.  value  of  third  harmonic  line  voltage  =  0 
r.m.s  value  of  5th  harmonic  line  voltage       x  22.6  =  3§J!  V 

,-.  r.m.s.  value  nf  line  voltage  v  -  ^392 2 +  39.2  2  =  v 

iiii  In  A-conneetion,  again  the  diird  harmonic  would  be  absent  from  the  line  voltage 
.-.  r.m.s,  value  of  line  voltage  V,  =  V226:  +  22.fi :  ~  227.5  V 
id)  Circulating  ('iirtrnl  in  Vciuinecu-il  Uiermiior 

Let  the  three  symmetrica!  phase  e  iii.fs.  of  the  alternator  be  represented  by  the  equations, 

4t  -  Elm  &tfm  +  %\  +  EJin  Qm*  %  >  +  £,„  sintSoof + %  H  

=  £",,„  simuw  +  T,  -2x/?\+Eiim  sin<3(ul+M'Jl  +  £',m  +sin(5w+T5-4itn)  

t„  =  /T^sintuu  +  M',  -4Ttf})  +  Elm  sinfiw  +  ^  i  +  E,NI  sinf5o)f  +  T,  -2?/3)+-. 
The  resultant  e.m.f.  acting  round  the  A-connected  windings  of  the  armature  is  die  sum  of 
these  e.rn.fs.  Hence  it  is  given  by  e  =  e  +  eu  +  e„ 

:.  r  =  3E-m  sin{3o3f  +  ^ s )  +  3 E^,  ii  ni  9w  +  % )  +  3£,  5  sin(  1 5cur  +  *Vl  s }+  

If  k  and  L  represent  respectively  die  resistance  and  inductance  per  phase  of  the  armature 
winding,  then  the  circulating  current  due  to  the  resultant  e.m.f.  is  given  by 

3£\msin|3oii-i-T,)    JEmm&tbl  +  %  1    3E,.m  sin(iS(»f  +  ^,0 
'r  - —   — ■*-  +  r  =-  +  — .  f  +■■■.. 

3V(fl:  +  9£ V )  1  +  8 1  /L2£o  - )       3tJ(R~  +  225^01^) 

Jt/f'  -t-9Z.:to:  i       ^R2  +  AILW)  1/<flI+225LJujI) 
The  r.m.s.  value  of  tlie  current  i.s  given  by 
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lc  -  ftW^l^1'^  t«,Vk«t«!  / t*1  +  8 \lW }+  ( Et5#<ttiP  +  225l.W)+  1 

if  i  niree-pluj.se  fuiir-wire  System 

In  ihis  case,  there  will  be  no  third  harmonic  component  in  line  voltage.  For  the  4-wirc 
system,  each  phase  voltage  (i.e.  line  to  neutral  I  may  cnnluin  a  ihird  harmonic  component.  U  it  is 
actually  present,  then  current  will  flow  in  the  r'-connectcd  load.  In  case  load  is  balanced,  the 

riJMiliniji  liiir.l  H:icnniinL   n:c   ■.;  ■    .ill  N  ni  pii.'v  so  ih:n  nouu^il  wiil'  will  have  |o  earn 

Uircv  link's  Ihe  third  harmonic  line  currcm   There  will  be  no  current  .n  I  he  neutral  wire  eiLfies  iit 
fundamental  frequency,  or  any  harmonic  frequency  other  than  the  Lnplc-n  frequency 
211.11,  Harmonics  in  Single  and  A-phase  Traii'-formi 

The  flux  density  in  transformer  course  is  usually  maintained  at  a  fairly  high  value  in  order  lo 
keep  the  required  volume  of  iron  to  the  minimum.  However,  due  lo  ibe  non-1  meanly  of  magnetisation 
curve,  some  third  harmonic  distortion  is  always  produced.  Also,  there  is  usually  a  small  percent- 
age of  fthh  harmonic.  The  magnetisation  current  drawn  h\  the  primary  contains  mainly  Ihird 
harmonic  whose  proportion  depend-,  on  Ihc  si/e  r>f  the  primary  applied  uiltage.  He  rice,  the  flu\  is 
sinusoidal. 

In  the  case  of  three-phase  trans farmers,  the  production  Of  harmonics  will  be  affected  by  die 
niclhod  of  connection  and  the  type  of  construction  employed. 

n-j.i  Primary  Windings  A-CONNECTED 

Each  primary  phase  can  be  considered  as  separately  connected  across  the  sinusoidal  supply. 

It)  The  core  flux  w  ill  be  sinusoidal  which  means  that  magnetizing  curreni  will  contain  3rd 
harmonic  component  in  addition  lo  relatively  small  amounts  of  other  harmonics  of  higher  order 

('if)  In  each  phase,  these  third  harmonic  currents  will  he  in  phase  and  so  produce  a  circulat- 
ing curreni  round  the  mesh  with  the  result  that  there  will  be  no  third  harmonic  component  in  the 
line  current. 

(ht  Primary  Winding  funnelled  in  4- win.'  Star 

Each  phase  of  the  primary  can  again  be  considered  as  separately  connected  across  a  sinus,  si 
dal  supply 

if.lThe  flus  in  the  rran^lonner  core  wt>utd  he  sinusoidal  and  so  would  be  the  output  \ollagc 
.■.    n»c  magnetizing  curreni  will  contain  3rd  harmonic  component.  Tnis  component  being  in 
phase  in  each  winding  will,  iherefore.  return  through  the  neutral  wire, 
i  r  i  Primary  Windings  I  onm-ded  3- wire  Star 

Since  there  is  no  neutral  wire,  there  wilt  be  no  return  path  for  the  3rd  harmonic  component 
ot  the  magnetizing  current  Hence,  there  will  exist  a  condition  of  forced  magnetization  so  thai 
core  flux  must  contain  third  harmonic  componeni  which  is  in  phase  in  each  limb  of  the  unni- 
fonner  core.  Although  diere  will  be  a  magnetic  path  lor  these  fluxes  in  the  case  of  shell  type 
3 -phase  transformer,  yet  in  the  case  of  three,  limb  eoit  type  transformer,  the  third  harmonic  com- 
ponent of  the  flux  must  relum  iiVj  the  air.  Because  of  the  high  reluctance  magnetic  path  in  such 
transformers,  the  third  harmonic  llux  is  reduced  tu  a  very  small  value.  However,  if  the  secondary 
of  the  transformer  is  delta-connected,  then  a  third  harmonic  circulating  current  would  be  pro- 
duced "ITus  current  would  he  in  accordance  with  Lenz's  law  tend  to  oppose  the  very  cause  pro- 
ducing 11  i.e.  it  would  tend  to  minimize  the  third  harmonic  component  of  the  llux 

Should  the  third  and  fifth  secondary  be  /"'-connected,  then  provision  of  an  additional 
A-connectrd  winding,  in  which  this  current  can  flow,  becomes  necessary,  This  tertiary  winding 
additionally  served  the  purpose  of  preserving  magnetic  equilibrium  of  the  transformer  m  the  case 
of  unbalanced  loads.  In  this  way,  Lhe  oat  put  voltage  from  I  he  secondary  can  be  kepi  reasonably 
sinusoidal. 
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lixsuiipk  20.17.  Determine  whether  the  following  two  tpppi  tire  n!  the  scant  \hupe 
,  =  ID  tin  ( a)  f  +  30"  \  -  SO  sill  (J*  I  —  60")  +  25  sin  ($W  r  +  4rT> 
(  =  1.0  sin  { 03 1  -  0(J°J  +  .f  ««  f.J  to  /     /50"t  +  2.5  COS  (5  m  f  -  /40"J 

(Principles  «f  Elect.  Kugg-ll  Jartiivpur  Llniv.  IWi 
Solution.  Two  waves  possess  lhe  same  waveshape 
(fl  if  Ihey  contain  lhe  MOW  harmonics 

Hi]  ii  the  ratio  of  the  corresponding  harmonics  to  iheir  respective  fundumenlals  is  the  same 
l /fit  if  Ihc  harmonics  lire  similarly  spaced  with  reaped  U3  their  |undEjJitt*nl[ds 
In  other  words, 

la)  [he  ratio  of  lhe  magnitudes  of  Corresponding  harmonics  must  be  ccmstanl  arid 
uj^j  k  with  fundamentals  In  phase,  tlie  corresponding  harmonics  of  the  two  waves-  must  be  in 
phase. 

The  (est  is  -applied  llrsl  by  checking  the  ratio  of  the  corresp€)ndinj>  harmonies  and  then  iroin- 
dtSing  lhe  fundamentals  by  Shifting  one  wavfc  ff  Lhe  phase  un»lcs  of  the  corresponding  harmonies 
are  the  same,  Ihen  the  two  waves  have  the  same  shape. 

In  the  present  case,  condition  (r>  is  fulfilled  because  the  voltage  and  current  waves  contain 
the  same  hermonics,  i.e.  third  and  filth 

Secondly,  the  ratio  of  lhe  magnitude  of  corresponding  turreni  and  voltage  harmonies  is  the 
same  i.e.  1/1(1. 

how,  lei  the  fundamental  of  the  current  wave  be  shifted  ahead  by  «WD  so  that  it  is  brought  in 
phase  with  the  fundamental  of  the  voltage  wave.  [1  may  be  noted  that  the  third  and  fifth  hiirmonics 
Of  the  currenl  wave  will  be  shifted  by  3  x  90"  -  270°  and  5x?ff=  450°  respectively.  Hence,  the 
current  wave  becomes 

I'  =  10  sin  I  to;  -  tifetifc )  +  5sm(3tw - 1 50"+270u  )  +  25  cos(5oir  -  |^|"+450* ) 

-r  1.0  sint  Hit  4  .W  l  +  5  sin(3<ar  + 1  SO"  1  + 15  cosl  Stflf +}  10° ) 

=  1 .0  sin(  (iif  +  JO"  i  -  5  sin(  3«tM  -  60" )  +  25  si  n(  Stat  +  40° ) 
It  is  seen  ihat  now  the  corresponding  harmonics  of  the  voltage  and  currenl  waves  are  in 

phase. 

Since  all  conditions  are  fulfilled,  die  I  wo  waves  are  of  the  same  waveshape. 
Tuloihil  Pmbtem  No.  20.1 

1.  A  series  circuit  consisl  of  u  eefl  Of  indaetancc  pi  I  H  and  p&&SM3fct  25  ii  anil  u  variable  eapsieitor. 
Across  this  circuit  is  applied  a  voltage  whose  instantaneous  value  is  given  by 

if  a  [OO&itUW  +  20siu<:5(ur-4.Vi  ♦  SsintSav  ■  JO)  where  co  =  314  rad  f* 

Determine  (hi-  value  of  C  which  will  produce  icsponse  ai  third  harmonic  frequency  arid  with  this  value 
o(  C  find 

in)  an  expression  for  the  currenl  in  the  eiieuii  lb)  (he  r.m.n.  value  nt'  this  ciurcnl  (er)  the  total  power 
absorbed- 

|  U.25mF.  on  I  =  MM  sin  I  uv  +  84  J)  +  0,8  sin  (3wr  +  45)  +  0.4*5  sin  (5  tm  +  lM  tW  b-*^  * 

(ci  HI  W| 

2.  A  \oliuge  pven  by  v  =  200  sin  514  I  +  520  sin  (942  1  *  45")  is  Bpptfed  m  a  circuit  consist  in):  af* 

resistance  of  20      .  and  inductance  nf  20  mil  mhI  -l  capacitance  *»f  56./1  nb  all  connected  in  >«nt's. 

Calculate  the  r ,m_s.  values  of  lhe  applied  voltage  and  current.  Find  also  the  total  power  ahsurbed  by 
m,-  eircuii  l*»V  ;  3-1*.  A  20H  Vt\ 

3t  A  voltage  given  by  »■*•  100  sin  (iV  *  %  sin  Jitv  it  applied  to  li  cintuif  which  ha*  a  resisiantc  of 
i  U.  un  Inductance  of  0.02  H  and  a  tuipaciotnfo  ol  fiOuf,  A  hot-wire  aninietcr  is  connected  in  series  with  the 
circuit  und  a  hot-wire  voltnwier  is  connected  tu  lhe  terrrtifrtl*.  Calculate  the  ammeter  ;ind  voltameter  readings 
and  the  ntiwcr  supplied  Id  lhe  circuii.  |71  V  :  5-1"  I  ;  26,«  VY  | 
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4.  A  certain  enll  has  11  resistance  or  20  £i  anj  an  inductance  ol  0.04  H  If  ihe  instantaneous  curretn 
Mowing  in  H  is  represented  by  /  =  5  sin  JMJ  f  +  0.8  sin  900  I  amperes,  derive  an  expression  for  the 
insiuntancous  vatut  of  the  voltage  applied  across  ihe  ends  of  the  coil  and  chIwjIhic  the  rjn.ni.  value  of  dial 

Voltage. 

]V  =  117  sin  4J4MI  I  *  0.541 t  +  XI  sin  (900  I  4-  1.06)  :  0,86  V, 

5.  A  voltage  given  hy  the  equation  v  =  vft  I00sin2jr>  50/  >  ^2.20  sm2?t.   L30t  is  applied  in  tin- 

Imtnttwls  »r  a  circuit  made  up  of  a  resistance  of'  S  fl.eji  inductance  of  0.03 1  ft  H  and  a  cupucilwr  of  115  pF 
uJI  in  scries.  Calculaie  die  effective  current  and  the  power  supplied  to  die  circuit.  J0547  A  :  1.5  W| 

An  al terniiTi ny  voltage  given  hy  ihe  expression  y  -  1 JQOO  sin  $14}  +■  100  sin  942*  is  applied  to  a 
circuit  having  d  resistance  <Jtf  MXi  12  and  ;m  inductance  of  0.5  H.  Calculate  r.m.s.  value  of  die  current  and  p.f 

I  J.HI  A  ;  1)53?  | 

7.  Tile  current  in  a  series  circuit  consisting  of  a  159  pF  capacitor,  a  reactor  with  a  resistance  of  10*1 
and  tttl  inductances  of  0.0154  H  is  given  f  =  v^Cfcsinoif  -  i»fri>aij  amperes.  Calculate  the  power  input  and 
the  power  factor.  Given  p)s],Qfyt  mrtian/setonii.  |6KII  W  :  MS) 

H.  |f  ihe  terminal  voltaic  of  a  circuit  is  100  sin  oh  4  50sin(!Vw  •»  it  Mi   und  the  current  is 

10  sinfttw  ■(- it3>  -t-5»ni.Vitf.  calculate  Ihe  power  consumption.  1 522.0  tt  ] 

A  single-phase  load  Hikes  load  lakes  a  cui'rcnl  of  i  sin  (au  f  ir/o>  +  IJsint.Viy  +  it /  Jt  A  from 

source  represented  hy  .160  sin  cur  vofta,  Calculate  the  powet  dissipated  by  ihe  circaii  :ind  the  circuit  power 
i  actor. 

1623.5  W  .  H-K37I 

10-  An  e.m.l.  given  by  its  100  sin  tui  +  40sin  itiv  -n/(t)  +  I0sin{5uv  -  n3i  volt*  ii  applied  to  ft  series 
circuii  buying  n  resistance  nl  1 1 K h  i'i,  iin  inductance  of  40.6  inH  and  a  capacitor  o(  10  pK  Derive  an 
expression,  for  the  current  in  the  circuit.  Also,  find  the  r.m.s.  value  or  the  current  and  the  power  dissipated  in 
the  tirctiil.  Take  u)  -  314  rad/seeond.  |tt.329  A.  Itl.N  \X\ 

A  p.d  of  the  form  v  =  4U0sm  fifll  +  JO*ifl  3nv  jj  applied  tq  a  nxiifier  having  a  resistance  of  500 
in  one  direction  and  200  in  the  reverse  direction.  Find  the  average  and  effective  values  of  the  current  and  the 
P  f.  of  the  circuit.  1 1.9ft  \,  4.1  \.  UI| 

'-■  A  coil  huvmc  K  =  2  ii  ami  /  =  0.01  H  carries  a  current  given  by  *  -  50  +  20  sin  300  t 
A  moving-iron  ammeter,  a  moving-coil  voltmeter  and  a  dynamcter  wattmeter,  aie  used  io  indicate 
current,  voltage  and  pQWM  respectively.  Determine  the  readings  of  ihe  instruments  and  equation  fur  the  p.d. 

1 121.1  V  ;  52  A  r  5-4  kW.  V  a  HHl  +  72  sin  iMW  I  +  1K*W3»| 
13-  Two  circuits  having  impedances  at  5(1  Ht  of  1 10  +  j6)  □  and  (10  -  >6l  respectively  tuc  connected 
in  parallel  ncrrwis  ihe  icrnnnal*  of  an  a.c  system,  Ihe  waveform  of  which  in  represented  by  t  -  1 00  sin 
+  35  Mn        +  |()tin5iu/,  the  iundainenlal  1'requeuuy  heme  50  Hy  Determine  die  ratio  of  the  readings  of 
tWO  ammeters.  Of  negligible  resistance,  coiuiecicd  tmc  in  each  circuit.  |ftJ5  ;  ft.72| 

•  4.  Hxpluin  whut  is  meant  h,v  harmonic  resonance  in  a.c.  circuits 

■\  current  having  an  jnstantaneciii.s  value  of  2  IsimUf  +  sinitun  amperes  is  passed  through  a  circaii 
which  consisLs  u1  a  cod  of  resistance  ff  and  inductance  I.  in  scries  with  a  capacitor  C.  Derive  an  expression 
f«  rhe  value  ol  (b  at  winch  the  r.m.s.  circuit  volume  is  a  minimum.  Determine  the  voltage  it  ihe  toil  has 
inductance  0  1  H  and  resistance  150  ii  and  the  capacitance  is  10  p  F.  Determine  also  tlie  circuit  voltage  at 
the  fundamental  resonant  frequency.  [to  =  I  /  JtLCi  •  i7«  V  |  4KI  VI 

IS.  An  r.m.s.  current  ol  5  A  ^huh  has  a  third-harmonic  coment,  is  pa*sexJ  tlirongh  a  coil  having  a 
resistance  of  l&l  and  an  inductance  of  10  mH  The  r.m.s.  voltage  across  (he  coil  is  20  V.  Calculate  live 
magnitudes  of  the  fundamental  and  harmonic  components  of  turrent  if  the  fundamental  frequency  is 
yOQIlJi  Ht  Also,  find  *e  power  iSaaipMcd.  |44J  A  :  1.44  A  ;  25  V\  | 

Derive  u  general  expression  for  the  form  fuclor  of  u  complex  wave  containing  only  txld-order 
iiiimioiiics,  Hence,  caicul«(c  the  form  factor  of  die  altemaiiny  current  represented  oy 

i  =  2.5  sin  157  \  +  n  7  iin  471  t  ♦  0.4  sin  785  t  1 1.0381 
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I.   Noii-sinu^oida!  waveforms  are  made  up  of 
i/il  different  sinusoidal  waveforms 
(l>\  iundarnetitaL  and  even  harmonic* 
it'!  liiiiilnmenal  and  dM  harmonics 
<rf\  even  ami  tuM  rtui'tiionie*  onlv 
1  The  positive  and  negmive  halves  of  a  com- 
plex wave  arc  symmetrical  when 

it  contains  even  harmonics 
lM  pha^e  difference  between  even  harmonics 

and  fundamental  (ft  0  01  n 
U'J  it  contains  tnJd  humioiilvs 
h/i  phar,c  difference  heiween  even  hainiomct 

and  liindameiiial  is  eitliei  n  /  2  or  Jn  /  2 

3.  Tile  r.m.s.  value  Df  die  complex  voltage  given 

by  v  =  1  t»/i  sin  (0 J  t  1       sin3uW  is 

iii  2%Jl  Id)  192 

4.  In  11  3-phase  lyfilem.  di  harmonic  has  neaa- 

live  phase  sequence  of  RBY 

mi  '>  \b\  U 

(t\5  (eh  15 


f  'li  i  iiirtil  rtiltiutlogy 
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5.  A  complex  entrant  wave  L\  given  by  ihe  equa- 
tion 1 i=  14  sin  tfri  +  2sni5tuf  The  r.m.s.  value 
of  the  current  is  ampere. 

1.;  1  in  ib)  12 

ir)  III  <Jl  8 

6.  When  a  pure  inductive  coil  ii  led  by  a  com- 
plex village  wave,  its  current  wave 

ia  \  has  rBtgff  hartnorue  content 
ifri  i>.  moa-  distorted 
If)  is  identical  witli  voltage  wave 
{ifl  show*  less  dnhirtion- 

7.  A  complex  voltage  wnve  is  applied  across  a 
pure  capacitor.  As  torn  pa  red  !o  (he  funda- 
mental voltage,  the  reactance  olTered  by  tlie 
ta[i;ivinir  to  the  iturd  harmonic  vulljijte  would 

be 

1, j  1  nine  time  {b\  three  time* 

lb)  orie-lhiid  \ti\  one-nirilh 

K,  Which  of  ibr  Following  harmonic  vol  La  a  e 
components  in  u  3-phase  system  would  be  in 
phase  with  each  other  1 
(?)  3rd,  9th,  15th  etc. 
\b)  7th,  13th,  1 9th  cic 
(f)  Sin.  1  lUi,  Hth  etc. 
h/)  2nd,  4ih.  6th  etc. 


ffJH    W*t    (W*    tyl     6M>    t&t    E?ft  W'l 
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FOURIER  SERIES 


21.1.  Harmonic  Analysis 

By  harmonic  analysis  is  meanl  the  process  of  determining  the  magnitude,  order  and  phase  of 
the-  several  harmonics  present  in  a  complex  periodic  wave. 

put  carrying  nut  ihi.s  analysis,  the  following  methods  are  available  which  are  all  based  on 
1-nLiricr  theorem: 

Ci)  Analytical  Method-the  standard  Fourier  Analysis 

[if j  Graphical  Method-  (a>  by  .Superposition  Method  (Wedgemore1  Methods  (fr)  Twenty  four 
Ordinate  Method 

Cffj  i  Electronic  Mcthod-by  using  a  special  instrument  calico  "harmonic  analyser" 
We  will  consider  ihe  first  and  third  medukis  only. 

21.2.  IVritKlie  KuihIIuilh 

A  (unction  /  \si  is  said  |o  tie  periodic  if  fU+T\  =  fit)  for  all  values  off  where  Tis  some 
positive  number.  This  7"  is  the  interval  between  two  successive  repetitions  and  is  called  the  period 
u( /{!)■  A  sine  wave  having  a  period  of  j  =.  2ji/vi  i*  S  common  example  of  periodic  function 

21.3.  Trigonometric  Fourier  Si-ries 

Suppose  that  a  given  fund  inn  t  \t\  satisfies  the  following  conditions  (known  .is  Dirichlct 
conditions); 

\.,f  in  is  periodic  having  a  period  of  7". 
2./tr>  is  s ingle- valued  everywhere. 

2.  la  ease  it  is  discontinuous,  f'0\  has  a  finite  number  of  discontinues  in  any  one  period. 
4./  (/)  has  a  finite  number  of  maxima  and  minima  in  any  one  period 
The  (taction  tin  may  represent  cither  a  voltage  or  current  waveform.  According  to  Fourier 
theorem,  this  function /(f)  may  be  represented  lit  the  trigonometric  form  by  the  infinite  series. 

fU)  -  cJu  +<f|  costUyf  +  ff_,  Ktt&Oo'+tri  cos3ajnH\-.+a„  eosnuv 


Putting  fjj(ti  =  G.  we  can  write  the  ahove  equation  as  under 

/l6)  =qft4  a,  cos e +■ ti-,  eos 29 4- a cos  3frk . .+/>„  eas «9 + b\  sin 9  +    sj n  26  +  fet  sin  J6+. i .+hn  sin flfl 


+-  r?]  sineOy,/       ain2ui[]r-l-JlJ3  sin3&i(i/+...+^|  .sinrj[H(.,r 


...  i  j  I 


(il) 


Since  yj„  a2fc>T ,  Eg.  [i]  above  can  be  written  as 
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Jr.  is  seen  from  the  above  Fourier  Series  thai  the  periodic  function  consists  of  sinusoidal 
component*  of  frequency  0,  u>0,  2ti)u--. .«wN  -  This  representation  of  the  function  fir)  is  in  the 
Frequency  domain.  The  first  component  n  with  &Jn)  frequency  is  called  the  tic  component,  The 
sine  iind  cosine  tern  is  represent  the  harmonics.  The  number  n  represents  the  nriJer  ol  die 
harmonics. 

When  the  component  iut  custom  +  bx  sincu^,/ 1  is  called  the  first  harmonic  or  the  fun- 
damental component  of  the  waveform. 

When  n  —  2,  die  componeni  {ci-,  cos2wri/  +  /i-,  si n  2<t] , , )  is  enlied  the  second  harmonic  of  the 
\s-s\  eloi  in 

The  jnh  harmonic  of  the  waveform  is  represented  by  (rf„  cosmo,^  +/tlt  sinwuv  t .  It  tun  n 
frequency  of  rtc*>n  m'  M  limes  llie  frequency  of  lite  fundamental  component 

21.4.  Alternate  forms  ul  Iriuo nuriielric  E'uuiier  Series 

Eq.  (h  given  Lthove  can  be  written  as 

I'U \  =  «n  t-  r,fl|  costu,,/  +  bt  sinQJ,jO+    j  cos2tol(/.  +  b2  sin2dir(/-)+...-i-(aI|  eosnU)uf  +  bn  sin  ;?(£,,/) 
Let.  <;„  co*nov  +  b„  sin  nu)flr  -  A„  cos  (n<»flj  -<!>,>) 
A(1  eoxrittfoi  cos^ri  -i-  A„  sinfruvsintyn 
%  =  At  cos0„  and  b„  =  4  sinf.r 

V  ■W'V+V  and  *„  =  tan"1  g,  /  u„ 
Similarly,  let  Ui„  cosnttJnr  +  b„  sin  rfu)()r  =  .4,,  sin  l/ito,,/  +  Tn }) 

=  An  sill  nv>ut cos  4*n  +  A„  cos«cun(  sinQn 
As  seen  from  Fig.  2J.L  b„  -  A,,  cosy,,  and  at[  -  Alt  SiflT(f„ 

A      4  =  vV+V  and  V  =  tan"1  t,Jbn  Flfr  2u 

The  two  unties  ^  und  iu(i  urc  complementary  angles. 

Hence,  the  Fourier  series  given  in  An,  21.2  nmy  be  put  m  the  fallowing  two  alternate  forms 
/<Qg<4fr^y  a„  cos  (floult;  -  i 

or  /(/t  =  Ah  +  ^.Ar;siiH»w()r  +  i|(rj) 

21.5.  Certain  T.i.scful  Integra'  Calculus  Theorems 

The  Fourier  coefficients  or  cous-umts  un,a^ch...atl  and  b\lb-,^...bl)  can  be  evaluated  hy  inte- 
gration process  lor  which  purpose  the  following  theorems  will  he  used. 

fl)  f"1,sinnBJe  =  -|cos;iB,r'1  =-(|-D  =  <) 
J  ii  d  Kl  ri 

r-*  i,i 

(jfj       smnft/0  = — leosxpei.f  =--f()-f)t  =  () 
n  ti 

(lift  f"*sinrrfWerfefff  =  -  f'*(l  -  cos  2n6W9  =  -19-  —  sJn  2n6l^  =  Jt 
Ju  2Ju  2« 

p3«       ,  I  f iir  [ 

()V)       cos"  rtfald  =  -      (cos  2ri€  +  \)iiB  =  - 
M  2  JO  2 


Til 

—  sin  2ji9  +  9 
In 


-  it 
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U>'\  si 
J 1 1 


1  (:n- 

n  ffrfK-H !«.  nQttf)  =  -      { sin  I  in  +  u  f  +  sin  |  m  -  » (ejrffl 

2  *0 


11      1  a  1 

- 1—  -    -  Ctist  w  +  n  19  cos(  m  ■ 

2\   m+n  tn-n 


.1* 


■n)6j  =0 

flit  j  rlJl 

■o  2  ■/(> 


— ■ — sinfwj  +  nt0+  — * —  sinl  w  -  ij  )ti 
ti  4  »  m  -  n 


0. . .  for  *  m 


tin  |  j-2it 

U'f'il       smwHsinnti(/0  =         [cosi;n-n)e-cnK(m  +  n)ti}d/Mj 


II    I  I 

=  simm- uj8  sinlm -*-n)Gf    =  0...for«#w 

—  |  j-pj  —  a  nt  +  n  ^ 

where  m  and  n  are  any  posiiive  integers. 

21.d.  l-.viilujttioii  of  I  mirier  (oiiMauls 

I  .el  us  now  evaluate  ihu  constants  and  bf  by  using  die  above  integral  calculus  theo- 

rems 

(i)  Valu*  uf  a)( 

For  (hts  purpose  we  will  integrate  both  sides  uf  the  series  given  below  over  one  period  i.e. 
for  0-Otof}=  2Jt. 

y  itf>  =  u„  i  a,  cosd'f-.flfj  eos28-H..+<i„  cosnB 

+  /j,  sin  9  -t-  f">_,  sin  2B+.  .+b„  sin  ntt 

■.  F     ff0)t/9=  f  1  tv/U+rj,  f  ^  catWff+as  r'cus26r/9  I- ...+«„  f  eusntWti 

'fl  Jfl  Jih  'Jo  Jll 

Jo  "Jo  'Jo 

=  (^ieiH^-M3  +  0+...0  +  0  +  0+....+<)^2jtGr) 

ift-'n  ZrtJ-it 
=  nieaJi  value  uf  /'(8>  between  ihe  limits  ()  to  2rt  r.e.  over  one  cycle  or  period 

I  w 
A  lsi>.     <J, ,  =  —  f  nel  area  |„ 

If  we  lake  the  periodic  function  as/(/j  and  integrals  over  period  T  (which  corresponds  to  2?t  )■ 


we 


I  ?t  I  trii  i  ^,+7- 


lilt 


wJiere  r  CIU1  have  any  value. 

tui  Vuiui'  »r  u 

a 

For  finding  the  Vftlue  oi  & ,  multiply  both  sides  of  the  Fourier  Series  by  cos  »fl  and  integrate 
beiween  the  limits  B  =  0Lo/2ir 
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Jn  Jhi  Jn  Ml 

+tf,J"',cos:  n&JG  +  ^J""  coseccFSvfa/e+A'j^17  sin2BerajiMH +...  W^j^  sin  hOcus  iift/e 

=  0+U+(J  +  ...+tf„     «w'nOc/e+IJ  +  (J  +  ...+{J  =  rtJ    ens  rifirffl - 
Jo  Jo 

7T,Jct  2k*.Q 

=  2  k  overage  value  of  /(8l  cos  ^6  over  one  cycle  of  ilte  fundamental, 

jiJ-h'  2nJ-x 
If  we  take  periodic  function  an  ftf),  ihen  different  expression.*;  for  u  are  els  under. 

7  Je  T        r  J-rn  .  T 

(Jiving  different  numerical  values  to  tt,  we  get 

a  -  1  x  average  of  f{Bi  cos  0  over  one  cycle  ....n  ■=  1 

iv,  =  2  x  average  value  of  f(&)  cos  2G  over  one  eyefe  el  a  ....  n  =  2 

liii)  Vului'  of 

For  finding  its  value.  Multiply  both  sides  of  (he  Fourier  Series  of  Eq.  U)  by  sin  ,10  and 
integrate  between  limits  0  =  Onjf}=27F. 

:.  j       /'(0)sinFi(We  =  ^J    sin^/fl  +  ^J      o&6siruiQrf  0 

f-2it  flu 
4  Os     cos  28sin  nflt/0  + . .. + oN       cos  n0Hi  n  HflrJ'ti 
-Ju 

fJi  r2n  fan  . 

+  k\      sinBsinn&ffi+M      sin  28smnft/0 +,...+&,  \  siirnttW 
Jo  "J(5  Jn 

=  0+0+0+...  +  (!+()+. f"*sin2  ^6=/?,,  f"*sin3,;«eje=^It 

Jit  Jo 

ft    J      /(0isintW0  =  £>„xrr, 

ft    <!>,,—  —  ["*    /■(0ysiitnBf/8=2x— f  ™  /(8)sinn6r/e 

=  2  x  average  value  of  f{B)  sin  n0  over  one  cycle  of  the  fundamental. 
,■.      =  2  x  average  value  of  fi&}  sin  9  over  one  cycle  ...  a  =  J 

b-  w  2  x  average  value  of        sin  29  over  one  cycle  ...  d  =  2 
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ASa<>'  K  =~  /(/)«n- — (dt  +  -\  /main- — tJt 

It1  2  fT'2 

« —      /d  )sinnto,J</f  =  —  /(ijMiiHfijnfefr 

Hena:  loi  1  uunci  analysis  o|  ,i  periodic  tuiiLimn.  Mil'  lollov,  mil'  procedure  rdiould  he  .nlnpled 
(/ 1  I;1  ltd  the  term  u  by  integrating  both  sides  of  the  equation  rcprocni i ilic  periodic  liuu- 
uon  between  timiis  0  to  2it  or  I)  m  7"  or  -  772  In  772  or  r.  m  tr  +  T). 

-  average  vaJue  of  the  function  over  one  cycle. 

(tt)  Find  ihe  value  of  (j  hy  multiplying  both  sides  of  the  expression  for  Fourier  series  by 
cos  nff  and  then  integrating  it  betwecji  limits  0  to  2k  or  0  to  7'  or  -  7/2  to  772  or  lf  to  It  +  71. 

/j  =1  f"11  /(ti)eusfjtt/H^2x  —  {'*    /  fB)eusii&/8 

Since  ,t  =  772,  we  \Vj\c 

2  f7'  Inn    .    2  f"1  „  .      2jdi    .     2  p+I  ,J       2idi  . 

2  ;r  2  fr'-  2  r'>*T 

-  —  J    / :| t) eos  uti^fi/f  ~  ~  J      / ir)*Ms noi^telt  =  —  J      / in eos nttfeftfl 

-  2  >.  . i\ or.iLii-  viiIiil1  of  ( (O'lcoswO  over  i trie  eyde  of  the  fu nJynit-nl.il 
Values  of  <t,,  aJt  o1  etc  can  be  found  I  mm  above  hy  putting  n  =  I,  2,  3  etc. 

[iii]  Similarly,  find  the  value  of  A  by  multiplying  both  Sides  of  Fourier  scries  by  sin  u  8  and 
integrating  it  between  the  limns  M  to  2n  or  0  to  r  or  -  772  vo  772  or  ff  to  (f .  +  71 

J  1  r1" 

■    fc„  =  -  neisinna=2x—  /(Bjsinnftje 

JtV'i  2iwn 

I  f?  2m   ,     2  f"-  ,     .  2rt?i   ,     2  t'\^ ,     .  2roi  , 

=  -     H/istn  —  tiit  =  ~\      /(fism  ft/f  =  —       /insin  —  f<// 

t  2  f77-  2  [■'•"' 

=  —     /'i/Jsin  noi,/t//=-       /If isitwitii,;  d1/  =—  ^flsin«tas/^ 
TJtt  Ti-rr.  TJ>, 

2x.ii 

=  li  average  vajue  of /  18)  .sin  r»9  of /(f)  sin  -^-torftt)  sin  nia„i  over  one  cyde 

of  the  fundamental. 

Values  ol  fr,.         etc.  can  be  found  from  above  by  putting  N  =  I.  2,  I  eic. 
21.7.  ]>ifTcreril  lypes  of  KutK-tionul  Symmelrit^ 

A  non-sin usuidul  wave  can  have  die  following  types  of  symmetry. 

I,  Fven  Synrmerry 

The  function/ (ft  is  said  lo  possess  even  symmetry  if /in  =  /(-  f). 

It  means  that  as  we  travel  equal  amounts  in  nine  to  the  left  and  right  ot  the  ongm  [i.e.  along 
the  +  -Y-axis  and  -A'-axist.  we  find  the  iunction  tti  have  the  same  value.  For  example  in  f-ig.  21  2  'ij  i 
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points  A  and  U  are  equidistant  from  point  <).  Here  the  rWQ  function  vulue-s  are  equal  and  positive 
A\  points  C  and  /X  the  two  values  of  the  function  are  again  equal,  though  negative.  Such  a  func- 
tion is  symmetric  with  respect  to  the  vertical  axis.  Examples  o|  even  timet  ton  are-  r.  cos  ?t,  sin"  Si 
(2  +  r  ■»  r)  and  a  constant  d  because  the  replacement  ol  r  by  <-  r»  Ukc^  nui  change  tin.-  value  >i[ 
any  ol  these  functions.  For  example,  cos  to?  =  cost -to;  j 

m 


l(<) 

/  B  0 

A  , 

tc) 

FIr.  Hi 

This  type  of  svmirnelry  can  he  easily  recognised  graphically  because  mirror  symmetry  exists 

about  the  vertical  or/tf)  axis.  The  function  shown  in  Fig.  l\-2  bus  even  symmetry  because  when 

folded  tilting  vertical  axis,  [he  portions  til  the  graph  of  the  function  for  positive  tttid  negative  tunc 

In  exactly,  one  on  top  of  the  uihei 

The  effect  of  the  even  symmetry  on  Fourier  series  is  thai  the  constant  b  =  0  i.r.  dve  wave  has 

■ 

no  sine  terms  In  general,  b  ,  fr,,  ..  ba  -  0  The  Fourier  series  of  an  even  function  contains  only 
a  constant  term  and  cosine  terms  Le. 

2tl>! 


The  value  ol  ^  may  be  found  be  integrating  over  am  radf-period.  ♦ 

J  rn  4  fTti 

ilrl  -  -     f '  ( a  k        ^  -  /'f  r  t  COS  fit*  tit 

it  -J  1 1  7 

2.  Odd  Nv  nimrln 

A  function  /in  Is  said  to  possess  t-dd  symmetry  if        = -/(r). 

h  meuns  that  as  we  travel  an  equal  amount  in  time  to  the  left  or  right  from  the  ongin.  we 
find  ihe  function  to  be  the  same  except  lor  a  reversal  in  sign.  For  example,  in  Fig.  -1.3  the  two 
points  A  and  H  are  equidistant  Irom  point  Q  The  two  function  values  at  A  and  B  are  equal  in 
magnitude  but  opposite  in  sign.  In  other  words,  if  we  replace  I  by  (-  /).  we  obtained  the  negative 
of  the  given  funcuon,  The  A-axis  divides  on  odd  function  into  two  halves  with  equal  areas  above 
and  below  the  X-a*iv  Hence.  u{}  =  0. 

Examples  ol  odd  functions  are:  i.  sin  i.  I  cos  5(1  j(r-i-r>  +  r<)nndf\/M'K3> 
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A  sine  fund  ion  is  an  odd  tunenon  because  sin  t-uif  t  =  -sinou 

an 


H 
— - 


flu 

\  II 

/ '  \ 

f  1  \ 

' '  '  \ 

/  1 

tit) 

/  '  \ 
/  '  \ 

\  B 

/    1  \ 
/    i  \ 
'     1  \ 

i 

\      '  j 
V     i  / 

O  A  \ 

i  1 

<al 


<ei 
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An  odd  function  hus  symmetry  about  the  origin  rather  di:in  aboul  the  /If)  axis  which  was  the 
Cast  for  an  even  function.  The  effect  of  odd  symmetry  on  a  Fourier  series  is  thai  it  contains  no 
constant  term  or  constne  lerm  li  means  thai  n  =  0  and  ti  =  0  if.  tf;-.  o„  =  0.  The  Fourier 

series  expansion  contains  only  sun*  terms. 


.'.  f{l  \  =  sinn&V 

The  value  of  h  may  he  lound  b\  integrating  over  an)  full  period. 

.    l'=-\     /t0isinn&rftt  =  - I  fuis'mnwuit 
nJn  '  TJ'i 

3.  Midi-wave  Symmetry  nr  Mirnir-Symmelry  or  KitLulinnid  Symmetry 

\      function     /     (ft      is     said     to     possess     half-wave     symmetry  il 

It  means  lhai  ihe  function  rem.uns  the  same  il  si  is  shifted  to  the  left  or  right  hy  half  a  penod 
and  then  flipped  over  li.e  miiluplicd  by  -  1 1  m  respect  In  the  r-a*is  or  hori/unurl  a*i\.  It  is  called 
minor  symmetry  bewwatf  'he  negative  portion  of  the  wave  is  the  mirroi  image  of  ihe  positive 
portion  of  the  wave  displaced  hotmmially  a  distance  HI 

In  olhcr  wonis,  a  waveform  possesses  half  symmetry  only  when  wc  invert  its  negative  half- 
cycle  und  £el  an  exact  duplicate  of  its  positive  half-cycle  For  example,  in  Fig.  21-4  ly)  if  We  invert 
tire  negative  half-cycle,  we  gei  die  dashed  ABC  half-cycle  which  is  exact  duplicate  of  the  positive 
half-cycle.  Same  is  the  case  with  the  waveforms  of  Fig.  21.4  {b}  and  Fig.  21.4  Iri.  In  case 


Stl 


.... 

> 

C 

H 

Pis.  214 
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Dl  doubt.  U  is  helpful  tn  shiil  the  inverted  hull  lVlIc  l>>  .1  hull  pern*!  ti>  the  kit  and  ice  il  il  super- 
impose-, the  positive  hull-cycle  If  il  docs  so,  (here  exists  hall -wave  symmetry  otherwise  mi,  Il  is 
wen  that  the  waveform  of  Fig.  21.4  {dt  does  not  possess  half-wave  symmetry.  Il  is  sn  because 
when  its  negative  half-cycle  is  inverted  and  shifted  by  half  a  period  to  the  left  it  does  not  superim- 
pose the  positive  half-cycle. 

It  may  be  noted  that  hull-ua\e  symmetry  may  be  present  in  a  waveform  which  also  shows 
cither  odd  symmetry  or  even  symmetry: 

For  example,  the  square  waveform  shown  in  Fiji.  214  («)  possesses  even  symmetry  whereas 
the  triangular  waveform  of  Fig.  24.4  if>i  ha^  odd  symmetry.  All  cosine  and  *.inc  waves  possess 
hall -Wave  svmmctry  because 


cos 


—  \t±—  =  cos  — f  ±n  =-tos  —  r:sm  —  /±—  =sin  — t±n\  =  -sin  —  / 
T\     2)        [  7        I  7         ft     Jj       \T        I  T 


h  is  worth  noting  lhai  the  Fourier  senes  of  any  function  which  possesses  half-wave  symme- 
try has  zero  average  value  und  contains  only  odd  harmonics  and  is  given  by 


fin- 


=  £|  u.  cos -p  i  +  b„*n  — *  1  *         ensnuv  +  fr.  sinnayj  *  £(4, 


coMiHtft,  sin  fiO) 


..LI 


n  I 


■l  f '  -  2mi       2  f  * 

where,   u„=-       /{')cos  i/(  =  —\  /(ft)cosrtflrfe 

7  J*'  T  it'i) 

4  rr'!        '•jtri      1  r* 

bK       I     /inun — -Jr  =  -  Mtf)stn«tk/9 


..  1 
tkt/ 


n  odd 


;i  odd 


-I.  ^tiiirier-wini-  Symmetry 

An  odd  or  even  function  widi  rolntioniil  synimeiry  is  said  10  possess  quarter-wave  symmetry 

Fig-  21.5  luj  possesses  half-wave  symmetry  as  well  as  odd  symmetry.  The  wa*.e  shown  in 
Fig.  21  5  (/'I  has  both  half- wave  symmetry  and  even  symmetry. 

The  mathematical  test  for  quarter-wave  symmetry  is  as  under 

Odd  quarter-wave  fit\  =  ~J(t  +  T/  2 land —/(f  I 

liven  quarter-wave  f  1 7 )  =  -  /l  r  +  T 1 2 1  und  / 1  ii  =  f  ( -  r) 

no  mi 


(a) 

Fig.  :ij 

Since  each  quarter  cycle  is  the  same  in  a  way  having  quarter-wave  symmetry,  it  is  sufficient 
to  integrate  oier  one  quarter  period  i.e.  from  I)  to  774  and  then  multiply  the  result  by  A. 

li)  \fflt)  or  /(8)  is  odd  and  has  quarter-wave  symmetry,  then     is  fl  and  «  is  (J.  Hence,  ihe 
Fouriet  series  will  contain  only  odd  sine  terms. 

&„sin-       or  /lei-y^sin^B.  where ^-       /  iHi.MnnHc/B 
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Ii  may  he  noted  ihul  in  the  case  of  odd  quarter-wave  symmetry,  the  integration  may  be 
carried  over  a  quarter  cycle. 


r  inn  i mid 


»  odd 


(n)  If or  /itfi  is  even  and.  addiiiomilly.  has  quarter- wave  symmetry,  then  uu  is  0  and  f>n 
is  0.  Hence,  (he  Fourier  series  will  contain  only  odd  cosine  terms. 


/  <6l  =         Wl  nft/9=         rtisntfli^t/f ;  whcieaH  =  -  J    /  (6|cosn&/6 


■I.  i 


In  ihis  cose  ft  nu>  ix-  found  f>>  inregrjinig  user  any  gunner  period. 
4  f«/J 

4,=- 1  /<B)sinfi»i/H 

.  *r 

T  Jti 


/inoos'Xiti  J/ 


n  odd 


;f  odd 


2I.K.  Line  or  Frequent')  Spvetrutn 

A  plot  which  shows  the  amplitude  of  each  frequency  component  in  a  complex  waveform  is 
called  the  line  spectrum  or  frequency  spectrum  (Fig.  2l.fi).  The  amplitude  ol  cacti  frequency 

LiHTip  i  .  indicated  h\  ihe  length  ot  ihe 

vertical  line  located  at  the  corresponding 
frequency  Since  the  spectrum  represent 
Irequencies  ol  the  harmonics  as  discrete  lines 
of  appropriate  height,  it  is  also  called  a  discrete 
specimm  The  lines  decrease  rapidly  for  w  aves 
having  convergent  series.  Waves  with 
di.scontinutics  such  as  the  sawtooth  und  square 
wan  iMmve  speus.i  w  h-'-i  amnlmidesdeciease 
slowly  because  their  series  have  slmng  high 

harmonics.  On  the  other  hand,  ihe  line  spectra   ^ 

ol  waveforms  without  disconlinutics  and  with 
a  smnoih  appearance  have  lines  which 
decrease  in  height  very  rapidly. 

The  harmonic  conlen!  and  the  line  spectrum  of  a  wave  represent  the  i>asie  nature  ol  that 
w  ave  and  never  change  irrespective  ol  the  method  of  analysis.  Shifting  the  zero  a>is  changes,  the 
symmetry  of  a  given  wove  and  givei  its  trigonometric  series  a  completely  different  appearance  hui 
ihe  same  harmonics  always  appear  in  the  series  and  iheir  amplitude  remains  constant 


a, 
1 
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■I  n 
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Fig,  21,7  shows  a  smooth  wave  alongwith  its  line  «tpeelnim  Since  there  tire  only  sine  terms 
in  Its  trigonometric  series  [apart  from  tt^  =  it  I.  the  harmonic  amplitudes  arc  given  by  f>n 

HM  Procedure  for  Finding;  the  Fourier  Series  ol  a  I. hen  I  million 

It  is  advisable  In  follow  the  fallowing  steps; 

1,  Step  No,  I 

It  the  fuueliou  is  defined  by  a  set  of  equations,  sketch  IE  iippnmmalcly  and  examine  tin 
symmetry. 

2.  Step  No.  2 

Whatever  be  the  period  of  die  given  function,  lake  it  us  2JI  'Ex.  20.fi t  and  find  ihe  Fourier 
series  in  the  form 

ftftl  =  Of)  +iJj  cos8^ij!cos28+,..+uj,  cosn6  + A,  sin 8  +  ft,  sin2B+,,,+6„  sin/10 
Step  No,  3 

The  value  of  Ihe  constant  nn  can  he  found  in  most  easts  by  inspection.  Otherwise  It  C3tn  be 
found  as  undcr 

I  r:*  1  rB 

00  =  —     fi0>J0-  —  /«9W0 
2k«i)  2rJ-» 

J,  Step  No.  4 

II  there  is  no  symmeiry,  Ihen  «M  is  found  us  above  whereas  dte  oilier  m<>  fourier  constant-- 
can  he  found  by  the  relation 

fmco&t&tQsz-V  h«ko*mw0 

71  J'l  It  J  -3* 

ftH  =  f""    / (0»siivff6f/e  =  -  f"  /(0)sinn6k/8 

Jii  (tJ-n 

5.  Step  No.  S 

If  ihe  function  has  even  symmetry  if.  /(8}  =  /(— G) ,  then  =  0  so  thai  ihe  Fourier  «>eries 
will  have  no  sine  terms.  The  series  would  he  given  by 

1  2  r" 

rW>  =  ^,  i^a„cosfl6c/0 where*,,  =-J    H8)cosfi8  =    I  H8icos/i8r/fl 

o.  Slep  No.  6 

If  the  jn'ven  funclion  hits  odd  symmetry  i.e.  /I -8)  =  —  /10)  ihen  jL  =  0  anil  ft  =  0.  Hence. 
Uiere  would  he  no  enMiie  lenris  in  the  Fourier  series  which  accordingly  v-oiild  be  given  by 

08t=  TV,  sin W|lf.  W|1t?re     =  /(0tsinn8JB  =  - f*  f&tffoiMtil 

?tJu  re  Jo 

7.  Step  No.  7 

U  tile  function  possesses  hull-wave  symmetry  i.e.  I "(01  -  -  /  <B±Ttl  or  /(/)  =  -/0±T'2l. 
ihen  0  -  is  0  and  Ihe  Fimner  scries  coniains  only  odd  harmonics.  The  Founer  series  is  given  by 

/<ej  =  ^\iJcmH0+i>.,  sin«0) 

*=i 

If1"  >  rn 

where  a„=  -        f|Bicwflft/ft..fl  odd.  b„  =  '       f  l0)sinnfJr/0  ..  "  odd 
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N.  Step  No.  8 

If  ihe  function  has  even  quarter- wave  symmetry  then  a  -  0  und  b  -  II.  fi  means  die  Fourier 
v,-rie->  w  ill  contain  no  sine  terms  bui  only  odd  cosine  terms.  Il  would  be  given  by 

(m  =  y^ti«jiftwJtre^  ftBHivuftft**-  f  /  (6lo>ii  A/B  -  -  P     /'(OlOKfAJB  -   «  "dd 

pit 

li  Step  No.  9 

If  the  function  has  odd  quarter-wave  symmetry,  ihen  an  ~  0  and  an  =  0-  The  Fourier  series 
will  contain  only  odd  sine  terms  (but  no  cosine  terms). 

♦   fW)  =  yt>  sinnftwhacfi  =-f"I/'(G)sinntt/9=  2  f" /(G>suin(W8  =  -p  /iGfsinntWfl     n  odd 

10.  Slep  No,  10 

Having  tound  the  coefficienis,  Ihe  Fourier  series  as  given  tn  slep  No.  2  can  be  wrillen  down. 

11.  Slep  No.  II 

The  different  harmonic  amplitudes  cun  he  lognd  by  combining  similar  sine  nnd  cosine  levins 

uhere  -l^  k  the  amplitude  ol  the  nA  harmonic 

Table  No.  21.1 

Wave  form  Appearance 


A  Sine 


B.     Half-wave  rectified 
sine  wave 


Equation 
f[t)  =  A  =  A  xin  CO  r 


/"f  #  >  =  .4.  f  —  -f-sintor — —  cosZwf  1 


2  2 

— —  cos  4d)f  —  cos  f>  to/ 

I5it  35rt 


63  re 


cdsKuv. 


C      Full-wave  rectified 
sine  wave 


fUi  =  —  (I--cos2(jV 


0 

re 

2n 

-  —  cos4tmf-  —  cos buy  l 
IS  35 

Rectangular  or 

T 
1 

44  I 

/(f>  =  — (iintiK  +  —  st&3ct>f 
it  3 

square  wave 

(1 

^rr 

+-*in  5w/ +  - -sin  7uy+„„  > 
.S  7 
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1, 


Kccliuigular  nr  square 
wave  pulse. 


Triangular  wave 


Triangular  pulse 


Sawtooth  wave 


4i4  I 
f'(  ( t  =  —  (cos  tot--  ens  3  a)/  + 

L        *  3 

—eos5o>f  ) 

5 

A    "M  1 
fff  j  =  — +  —  (sinotf  +  -  sin  3dif  + 

I  2     It  3 

-i 

-t  sin  Saw  4  -sln7dM+—  ) 

5  7 


Sawtooth  pulse 


8A    .         1  .    ,  I 
fU)-  —  (siri(*--si]i3«jf  +  — 
n-  9  25 

t     sin 5usl        sin 7taf +...,) 


iiA  I 
/ff  >  =      fcos  t!lf  +  -  CiJsJoS  + 

**  9 


T     — cos5Wf  +  —  cus7tw+  ) 

™    25  49 

A    44  1 
=  _  +  —  (sin  cut  —  siuHujf 


+  —  sin  5(or  -  —  sin  7utf +  ) 

25  49 

"M  I 
T  n  2 


i 


-sin3o)i-  -sin 4^+....) 
3  4 


A  K 

  U\=-  - 


sin  (0,/  —  sin  2tuf  -  -sin  3fitf 
2  3 


-~sin4tttf 
4  I 


Trapezoidal  wave 


jin  =  — — |  sin  ox -  —  5tur 


ST  k 


2 

25 
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2 J.  10.  Wave  Analyzer 

A  wave  analyzer  is  an  instrument  designed  to  measure  the  individual  amplitude  of  each  harmonic 
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component  in  a  complex  waveform.  It  is  the  simplest  form  of  analysis  in  the  frequency  domain 
and  can  be  performed  with  a  set  of  tuned  filters  and  a  voltmeter-  That  is  why  such  analyzers  are 
also  called  frequency -selective  voltmeters,  Since  such  analyzers  sample  die  frequency  spectrum 
successively,  Le.  one  after  the  other,  they  are  called  nun-real-time  analyzers. 

The  block  diagram  of  a  simple  wave  analyzer  is  shown  in  Fig.  21.8.  It  consists  of  a  tunable 
fundamental  frequency  selector  that  detects  the  fundamental  frequency  /  which  is  the  lowest  fre- 
quency contained  in  the  input  waveform. 

Once  tuned  to  this  fundamental  frequency,  a  selective  harmonic  filler  enables  witching  to 
multiples  of  f  After  amplification,  the  output  is  fed  to  an  ax,  voltmeter  a  recorder  and  a  fre- 
quency counter.  The  voltmeter  reads  the  r.m.s  amplitude  of  the  harmonic  wave,  the  recorder  traces 
its  waveform  and  die  frequency  counter  gives  its  frequency.  The  line  spectrum  of  the  harmonic 
component  can  be  plotted  from  the  above  data. 

For  higher  frequencies  tMKz)  heterodyne  wave  analyzers  are  generally  used.  Here,  the  input 
complex  wave  signal  is  heterodyned  to  a  higher  intermediate  frequency  (TF|  by  an  internal  local 
oscillator  The  output  of  the  IF  amplifier  is  reclified  and  is  applied  lo  a  dc  voltmeter  called  hetero- 
d)Tied  tuned  voltmeter. 

The  block  diagram  of  a  wave  analyzer  using  the  heterodyning  principle  i*  shown  in  Fig-  21.9 


Amplifier 
and 

DC 
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Vultmetcr 
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( iscillaior 

Fir.  2\3 

The  signal  from  the  internal,  variable-frequency  oscillator  heterodynes  with  the  input  signal 
in  d  ninei  to  produce  uutpul  signal  having  frequencies  equal  to  the  *.um  and  difference  m~  the 
oscillator  frequency  /  and  the  input  frequency  /,  Generally,  the  bandpass  filter  is  tuned  lu  the 
sum  frequency1  which  is  allowed  to  pass  through.  The  signal  coming  out  of  the  filter  is  amplified, 
rectified  and  then  applied  to  a  dc  voltmeter  having  a  decibel-calibrated  scale,  la  this  way,  the  peak 
amplitudes  of  the  fundamental  component  and  other  harmonic  components  can  be  calculated 
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21.1 1.  Spectrum  Analyzer 

It  is  a  real-time  instrument  i.e.  it  simultaneously  displays  on  a  CRT.  the  harmonic  peak 
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values  versus  frequency  of  all  wave  components  in  (he  frequency  range  <if  the  analyzer.  The  block 
diagram  of  such  an  analyzer  is  shown  in  Fig.  21,10. 

As  seen,  the  spectrum  analyze  uses  a  CRT  in  combination  with  a  narrow-band  superlielero- 
dyne  receiver.  The  receiver  is  tuned  by  varying  the  frequency  of  the  voltage-tuned  van  able- Fre- 
quency oscillator  which  also  controls  the  sawtooth  generator  thai  sweeps  the  horizontal  lime  base 
of  the  CRT  deflection  plates.  As  the  oscillator  is  swept  through  its  frequency  hand  hy  the  sawtooth 
generator,  the  resultant  signal  mixes  and  heats  with  the  input  signal  to  produce  an  intermediate 
frequency  (IF)  signal  in  the  mixer.  The  mixer  output  occurs  only  when  dteic  is  a  corresponding 
harmonic  component  in  die  input  signal  which  matches  with  the  sawtooth  generator  signal.  The 
signals  from  the  IF  amplifier  are  detected  and  further  amplified  before  applying  them  to  the  vcrti- 
•-.-,]  i L- lie. lion  plasiis  of  ilv.  CRT  The  fesuliam  TOtpUl  displayed  <n;  the  CRT  reprcsfiils  the  tbie 
speetrum  ol  die  input  complex  or  nortsinusoidal  waveform. 

21.12.  Fourier  Analyzer 

A  Fourier  analyzer  uses  digital  signal  processing  technique  and  provides  information  regarding 
the  contents  of  a  complex  wave  which  goes  beyond  the  capabilities  of  a  spectrum  analyzer.  These 
analyzers  are  based  on  the  calculation  of  the  discrete  Fourier  transform  using  an  algorithm  called 
the  fast  Fourier  transformer.  This  algorithm  calculates  the  amplitude  and  phase  of  each  harmonic 
component  from  a  set  of  time  domain  samples  of  the  input  complex  wave  signal. 
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A  basic  block  diagram  of  a  Fourier  analyzer  is  shown  in  Fig.  21  J  J.  The  complex  wave 
signal  applied  to  the  instrument  is  first  filtered  to  remove  out-of-band  frequency  components. 
Nest,  the  signal  is  applied  <o  an  analugMigital  (A/D)  converter  which  samples  arid  digitizes  it  at 
regular  time  intervals  until  a  fall  set  of  samples,  (called  a  time  record)  has  been  collected.  The 
microprocessor  then  performs  £  scries  of  computations  on  ihc  time  data  to  obtain  the  frequeney- 
domain  results  Le.  amplitude  versus  frequency  relationships.  These  results  which  are  stored  in 
memory  car  be  displayed  on  a  CRT  or  recorded  pcmianeTitly  with  a  recorder  or  plotter. 

Since  Fourier  analyzers  are  digital  instruments,  they  can  he  easily  interfaced  with  a  computer 
or  other  digital  systems.  Moreover,  as  compared  to  spectrum  analyzer*,  they  provide  a  higher 
degree  of  accuracy,  stability  and  repeatability. 
21.13,  Harmonic  Syntlu-st!i 

It  is  the  process  of  building  up  the  shape  of  a  complex  waveform  by  adding  the  instanta- 
neous values  of  the  fundamental  and  liamieiues.  [|  is  a  graphical  procedure  based  on  the  knowl- 
edge of  the  different  components  of  a  complex  waveform. 

Example  21. L  A  cotnpiex  voltage  waveform  contains  a  fundamental  voltage  of  r.m.s.  value 
220  V  and  frequent  v  50  H:  oton^wah  a  20s-*  thini  harmouu  which  has  a  phase  rm^/f  lagging  by 
3JC  /  4  radian  at  t  -  0.  Find  an  expression  representing  the  instantaneous  complex  voltage  K 
Using  harmonic  synthesis,  also  sketch  the  complex  waveform  aver  one  cycle  of  \he  ftaidameniat 

Solution.  Tlic  maximum  value  of  the  fundamental  voltage  is  =  200  ^  Jl  =  310  V,  Its  angu- 
lar velocity  is  to  =  2ft  x  50  -  |(Xbt  rad/s.  Hence,  the  fundamental  voltage  is  represented  by  310 
sin  lOOrtt. 

Die  amplitude  of  the  third  harmonic  -  20%  of  310  m  62V.  Its  frequency  is  3  x  50  =  150  H? 
Hence,  its  angular  Itcquency  is  s  2rcx 150  =  300rt  rad/s.  Accordingly,  the  third  harmonic  voltage 
can  be  represented  by  the  equation  62  sin  (30Onr  -  3ti  /  4) .  The  equation  of  the  complex  voltage  Is 
given  by  o  =310  sin  IOOii  +  fi2sin! iOOm  -  3n/4) 


310 
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I 

Fig  21.12 

In  Rg.  21,12  are  shown  one  cycle  of  the  fundamental  and  three  cycles  of  the  third  harmonic 
component  initially  lagging  by  3ft/ 4  radian  or  135".  By  adding  otdinotes  at  different  intervals, 
the  complex  voltage  waveform  is  buill  up  as  shown. 

Incidentally,  it  would  be  seen  that  if  the  negative  half-cycle  is  reversed,  it  is  identical  io  the 
positive  half-cycle.  This  is  a  feature  of  waveforms  possessing  half- wave  symmetry  which  contains 
the  fundamental  and  odd  harmonics. 

Example  21.2.  For  tfu  nfiiMiuisfudal  wave  shown  in  Fig,  21  li,  determine  (a)  Fourier  cocf- 
ficietits  atf  (aid  b4  and  {hi  frequency  qj  the  fourth  hunnomc  if  the  wave  has  a  period  of  0.02 
second. 

Solution.  The  function  f  (6)  has  a  constant  value  from  8  =  0  to  G  =  4n  /  3  radian  and  (i 
value  from  6  =  4jr,/3  radian  to  B  =2a  radian. 
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(a  J  O^  f —  (net  urea  per  cycle) 
2x 


I 


cos  3848  = 


-if 


h 

sin  39 1 

K 

=  — (sin  4it)  =  0 


"Jo 


l  rdA" 
/(9)sin4fti0=- 


-cos  48 

'  cos  1 6ft 

4 

0 

1^ 

i  3 

:oso]-  — 


f-05-|)  = — 
4ft 


I  ic.  31.13 
9 


{h}  Frequency  of  the  fourth  harmonic  -  4/f,  =  4/  T  =  4/0.02  =  200  Hz. 

Kxampl?  2IJ.  Finti  the  Fourier  series  of  the  "half  ninuxouta!"  voltage  WWwffiww  M&cA 
represents  r/ir  output  of  a  iuilfwuw  rectifier.  Sketch  its  line  spectrum. 

Solution.  As  seen  from  Fig,  21.14  [a),  T  m  0.2  second,  fn  =  \IT  =  t/0.2  =  5  Hz  and 
ton  -  2 71,  /n  -  ]()rt  rad/s.  Moreover,  die  function  hax  even  symmetry.  Hence,  the  Fourier  series 
will  contain  no  sine  terms  because  6=0. 

N 

The  limits  of  integration  would  no!  be  taken  from  f  j=  0  to  /  -  0.2  second,  but  from  /  =  -  0.5 
to  r  =  0.15  second  in  order  to  gel  fewer  equations  and  hence  fewer  integrals.  The  function  can  be 
written  as 

fit)  =  Vm  coslOro  -0.05  <  t  <  OjOS 

=  0  O.05<f<ttJ5 


-If" 15 
^  "  TJ-om 


fU)dr  = 
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0.2  1/-u.hj* 
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V 

'  IK 

sin  lOru1 
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-41.0S 


V  2  V  fa(H 

=— a„  -  -^-^       cos  IOJU,coslOrtn/<// 
jr         0.2  J-ftCH 


Trie  expression  we  obtain  alter  imejrraiion  cannot  be  solved  when  n  =  1  although  it  can  he 
solved  when  n  is  other  than  unity.  For  #i  •=  I,  we  have 

Mm      ,  V 

1         ***flj  2 

i-tl.Qi 

When  n  #  I .  then  tf„  =  I0V„       cos  I  (int.  cos  lOit  a/  Jj 

J-oih 


101/  fIJj!H 
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Substituting  the  values  of  a(>,  S,i  flj,  a4  etc,  in  the  standard  Fourter  scries  expression  given  in 

An 

20L3,  we  have 

/(')  =  cos2cj0f cosi  0)0;  +  ft,  cos4ti>ut  h-a,  cos  fioi,/ 

V     V  2K  21/  21/ 

=  —  +  -5Lcos|0ra  +  —J*  cos  2(to  44lnr  + cos  Whir,, . 

K     J  3n  I5jt  35 

„  fl     I  2  2  2  ^1 

*  V„J  -  +  -  cos  ay  +  —  cos  2^31  — —  cos  4«v  +■  cos  6tiW  ... 

^  t    2  Jir  I5n  35k  ^ 

The  line  spectrum  which  is  a  plot  Of  the  harmonic  aniptitudes  versus  frequency  is  given  in 
Fig.  21.140). 

Example  21.4.  OelermUH  the  Fourier  series  fur  the  square  mjftf  pulse  shown  in 
Fig.  2!  t?  uii  uiut  pUu  its  line  sptrMtrn  (Network  Theory.  Nagpur  I  niv.  IW2i 

Solution.  The  wave  represents  a  periodic  function  of  6  or  cm  or|  ^T  j  having  a  period 

extending  over  2lt  radians  or  T  seconds,  The  general  expression  for  thin  wave  cun  be  written  Lis 
f(B)  =     +a,  cos9  +  o3  cos 20  +  a%  cos 39+... 

-+  b\  sin6  +  Ksin28  +  fcjSin30+.., 
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CO  Now.   f{$)  =  V:  6  -  0  to  e  -  ic  ft m  =  0.  f romfl  =  ?t  to  8 ■  =  2k 

iff         r**       }     y  v 

or  =  —  ^    W/B+l    orfe  -  —  i  a  ij; +0=1^x11=— 

(jj)  «B=-f2*  fmaxir&lQ  =  -\  fVoosrt8rfe+  Oxcoswftitf 

-  —    cO8d0cf0+O  = —  IsinnOI^O    -  whether  n  is  odd  or  even 


{M)  bn=  —  \  *  /(fl)  sin  nftiQ  M  PWi  nft/8  +  f     Ox  sin  r 
n  Jo  it  lJo  J  n 


V  (n     JJfl  rt    V|-cos»9[*  V 

^  —\  sinH(Jf/e+0  =  —   = — (-cosftrt+1t 

n  J(t  n  |     tt     In  "rt 

Now,  when  n  is  odd,  fl-cosim)  -  2  hui  when  n  Ls  even,  (l-cosun)  =0. 

IV  V  V    _  2V 

,\  h,,h—  U  is  =  —  xO  =  0  ...it  =  2;  fc^  — *2  =  —  ...n  =3  ami  so  on. 

1     II  2n  3tc  3& 

Hence.  substituting  the  values  of  a^,a^tt2  etc.  and  b,.^  etc.  in  I  he  above  given  Fourier 

series,  we  get 

V  2V         2V  IV  E    2V  S  1  I 

fiQ)  =  —  + — sin  8  +  —  sin  38+  —  sin  59+..,=  — + —  sin  ay  +  -  sin  3uV  +  -  sin  Say  + ... 
2     rr  3it  5ji  2     It  i  3  5 

11  is  seen  thai  the  Fourier  series  contains  a  constant  term  Vf2  and  odd  harmonic  components 
whose  amplitudes  are  as  under: 

2V 

Amplitude  of  fundamental  or  first  harmonic  a  — 
r  It 

2V 

Amplitude  of  second  harmonic  =  — 

EV 

Amplitude  of  third  harmonie  -  2—  and  so  on. 

The  plut  of  harmonic  amplitude  versus  the  harmonic  frequencies  (called  line  spectrum)  is 
shown  In  Fig.  21.15 

K\ ample  21.5.  Obtain  the  Fourier  series  for  the  Hjtton'  H  fiif  pulse  tram  indicated  in 
Fix-  21.16.  {Netvmrk  Theory  and  Design,  AMIETE  June.  I  WO; 

Solulmn,  Here  7  =  2  second,  uju  =  2k /T  =  %  rad/s.  The  given  function  is  defined  by 

/(f) -  (     0<f<!  =  0and 
=  0;     I  <  r  <  2 

1  tr       if1     if     fl    ^  y 

Even  otherwise  by  inspection  a*  -  ( I  +  0V2  -  \I2 

2  r T  2  f  -  ~  t 1  r3 

n„=—     /XOcTCHfUtM--    \x*Xtmadi  =     I. cos  nmrft +\  (Oj-eosfrmJ/ 
r  Jo  "  2*0  Jo  Jl 


Fuurier  Serie\ 


74A 


=  j  COSITTUdt  - 


sin  nKl\ 


ii 


=  0 


b.-—  f  /(flJiinndln/rfl  ^|  f  l.simiTOi/r]  +  f  (filsin  nlUiffl  -  f  sinnJlftft 


nil 


I  —  cosnJT 


nit 


bR  =  2/nic   when  n  is  add;  =  0 

M0 


when  n  is  even 


Fig.  UJ« 

2^1.,         I2f  I  .  -       I . ,  M  \ 

f{i)-ffi+  —  /  —  sin3»m  =  -  +—  sin  iu  +  -sinful  +  -sin  Sit  J  rfr, 
ji  ™  o  2    n  ^  3  5  ,J 

n  ~  I 

Example  21.6.  Fttul  tin  tngnnnmeim  Fmtricr  \enrs  for  the  iqumv  milage  waveform  sfutven 
in  F~ii>  2Ll7\ii)  <iihl  \kt'telt  the  lme  rpeclrum 

Solution.  The  function  shown  in  Fig,  21,17  [ai  is  an  odd  function  because  at  any  liine  ft-  f> 
»  -  f  (t).  Hence,  its  Fourier  scries  will  contain  only  sine  terms  Le,  m  0.  The  function  also 
possesses  half-wave  symmetry,  hence,  it  will  contain  only  odd  harmonics. 

As  seen  from  An.  21.7  (2>  the  Fourier  series,for  die  above  wave  is  given  by 


/{8)=  2^frnsinne,f  where  &  =H  /<B>sin«tWU 


=  -IfVsinnft/e+f"*  -V'sin^flU  — |-«KneT+— |eosrtfl(': 


■  { ! — cos  nn  +  cos{J )  -  cos  Kn } 


itfi 


V  IV 
*  —  (tl  -cos«jrt  +  (J-cos/m>}  =  —  (1-cosnnl 
mi  n/i 


Now.  1  -  cosHJt  =  2 
and  =  (1 


when  n  is  odd 
when  n  is  even 
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,      2V    ,  4V 

*r  ~  — x  ^  -  —  -  puiung    =  |;  *  =  0  ...  putting  n  -2 

IT  IT 


2V 
ic3 


4V 


X  2  =       -,.  putting  n  =  3;  *4  =  0...  putting  n  =  4 


2V    .  4V 
Pi  -  — -  x  2  =     ■    putting,  n  =  5  and  so  on. 
rc.5  5it 


4V/S  w 


I'mic:  i'undHniL'nbi! 


Rg.  21.17 

Hence,  the  Fourier  series  for  she  given  waveform  is 

4V  4V  4V 

/(B)  s — sin0  +  —  sin39-H— sin50+... 
it  3lt  5ti 


4V(  .  I  I  . 

_  —  I  sin  ov  +  -3ov+-sm  Soy  + . 


4V(  .  2k     1  .  6jc     1      I  On 

—  Sid — H — sin  —  /  +  -sm  r  +  . 

)tl     T     3      T     $  7 


The  line  spectrum  of  Ihe.  function  is  shown  in  Fig.  21.17  lb).  It  would  be  seen  dial  the 
haimonic  amplitudes  decrease  as  |/n,  that  is.  the  ihinj  harmonic  amplitude  is  1/3  as  large  as  the 
fundamental,  the  fifth  harmonic  in  1/5  as  large  and  so  otu 

hxumpk  21.7,  Determine  the  rtmricr  wrie\  for  rite  xtjuore  vttttagi-  w^ivefurm  in  fig. 

21  i?  fa  I.  Plot  in  fine  xjxwirum. 

Solution.  This  is  the  same  question  as  given  in  Ex.  21 .6  but  has  been  repealed  to 
illustrated  a  si  rightly  different  technique.  As  seen  from  Fig.  21,1 7(a1  T  =  2n  ■  hence, 

aid  -  21$^  =  2%  i  T  -  2k  I  %  =  \.  Over  one  period  the  function  can  be  defined  as 

fu\=V0<t<5 

=  -V.K<I<21I 


K  = 


/f  r )  *ii  n  txOffdt  -  I    /'  it  1  sin  ntdt  -  -      f (f ) sin  ntdt  +  -  I  / '  [/  J  sin  t ttdt 

I  rtt  I  r2* 

-  I   Vain  ntdt  +  —      ( -V ') sin  nf 
rc«hi  Jtvnr 


V  V 

■  f COS flIC  -  CPS 0 )  +  (COS ZflTC  -  COS ;i3C ) 

JfIT  WJT 


V 

—cos  nt 

7. 

V 

n 

n 

■:> 

rr 

cosm 


biturier  Series 
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Since  cos  0  is  I  and  cos  2nlt  -  1 
When  n  is  even.  cosnJl  =  I 

When  n  is  odd.  cos  ml  =  -  t 


2V 

bm  » — (1-  cos.  mi  I 
flit 

^  =  0 


2V  4V 
.      = — (1  +  D  =  —  «n-U,5. 
ffit  tn: 
Substituting  ihc  value  of  b  ,  ihe  Fourier  series  become 


11=1 
M..' 


^  4V  r        4V  ^  I  ,         4V  (  .       I  I  -  -  ^ 

>  — sm«f  = — ■  >  —  sin  ft/ =  —  sjnf  +  -  sin  3r  +  -  sin  51  + 
^  mi  n  ^  n  51  {         3  3  J 


Since  wfl  =  1 ,  the  above  expression  in  general  terms  becomes 

4Vl  |  I  \ 

/(f)  = —  sinov  +  -sin  im^  +-  sin  5av  +  •- 
ji  \  3  5  J 

The  line  spectrum  is  as  shown  in  Fig. 
21.17  (b). 

Example  21.8.  Determine  the 
Fourier  writ's  i>)  she  \tfuotv  voltage  wave- 
form shown  in  big,  20.  IK. 

Snlulion.  As  compared  to  Fig.  2 I.I  17 
ia)  given  above,  the  vertical  axis  of  figure 
has  been  shificd  by  xt2  radians.  Replac- 
ing l  by  (r  +  it/2)  in  the  above  equation, 
the  Fourier  scries  of  the  waveform  shown 
in  Fig.  becumes 


•m 

V 

----- 

—  11 
- 

0 

It 

T 

—v 

FiB-  2I.IK 


sin5|  r+— 

2  i 


W 


-  —  cos  r  -  -  cos  3r  +  -  cos  5/. 

a  s 


Example  21.9.  Determine  flu  ttignnometrn  Fotmei  wiles  for  die  half-wave  mttjieti  sine 
u-jjn  /nrm  shown  in  Fig.  21.1*1  (ft 1 4lnti  ikehhei  line  sncttrurn. 

Solution.  The  given  waveform  shows  no  symmetry,  hence  its  series  would  contain  both  sine 
and  cusine  terms.  Moreover,  its  average  value  is  not  obtainable  by  inpscciioiu  hence  it  will  have  tu 
be  found  by  integration  < 

Here,  T  -  2it.(u[,  -2ji/T  =  I  .  Hence,  equation  of  the  given  waveform  is  V  =  sin 
(iv  =  V-  sin/ . 

m 

Tlie  given  waveform  is  defined  by  /(/)  =  Vm  sin  r,0  <  j  <  tc  =  0,  n  <  i  <  2ji 


is 

2 


3Jk 


?fc 
nf>  ■ 

-U 


Mu    ""I  !M 


14b 
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i  r-*  I  [e*  {■■*      l  r" 

a.  =—     fV)di  =  —      V„,  sin  fc£  +     df  =— J  V„  sin  frff 


IB 

2% 


2n 


I-  Otfr      =■  -  4s-  (CM  K  ™  COsO,  =  z& 


IT 


i  f:"  I  r* 

—  I    f(t)co&ritdt      1  V, 

^=-f*  [shi(/t  +  IV~siiKfl-IVVr  = 
2n  J 1 1 


si  ii  I  com  n't/f 
V. 


2* 


-  cos(  ft  -I-  IV  +  eos(  n  -l)f 


2* 


cos(m-J)n  |  cosfff-l]Tr 


H  +  J 

I 


n+)  fl-l  n— I 

when  n  is  even,  cos  l/t  +  l)n  =  -1  and  cos(u-  l)E  =  -1 


V 

„     _  M 

1     1  ] 

_  2V» 

"  2n 

.■J  r  1 

n- 1     n  +  l  rt-l. 

when  /r  is  odd  and  ? 

1.  ens  (n  +  |)ft  = 

and  eos     -  |>»  -  I 

1         1  I 

V  fl+l 

^  + — — 

u  —  1    ji  + 1    n  - 

ii  =  %  4,  fi  etc. 


n  =  3,  5.  7  etc. 


when  n  =  l,a,=—V  V  tintx&iidt  =  —  f  sinicosftft  =—  f  sin  2^/1=0 

Hence,  a  =  0  ■«  =1.3.  5.,. 

»•  _ 

If2*  I    f*  f-11 

— I  /(/isjnntefi '  =  -      Vjn5LnisiniiiiA  +  I  (O)sinnftft 
jtJii  rt[J« 

*  25s-  ["  sin/sinjird/  =  0  lor  n  =  Z.  3,  4,  5  ctc. 
n  J  ii 

However,  dw  expression  indetcrmirwic  lor  u  -  I  so  that,     has  lo  be  evaluated  scparaTely. 

i  ri  v  ri    i  vl 

=-    14  sinx.sin  rJ/  =        sin'  rdi  -  — 

The  required  Fourier  series  for  the  half-wave  rectified  voltage  waveform  is 
it      2  It 


-  —  f  I  +  -  sin  J — — i  cos  2i  -  —  cos  4/  -  —  cos 
*  I     2         3  15  35 


n 

v  I' 

r 


t  +  —  sinov  -^cos2%(  -  —  cos  latf  ens6ay 

it         1  2  2 

1+  -  sin 8 — cos 28-  —cos 48 — -cos  60- 
2         3  15  35 


-•) 


The  line  spectrum  is  shown  in  Fig.  21,19  {b)  which  has  a  strong  fundamental  term  with 
rnpdily  decreasing  amplitudes  of  the  higher  harmonics. 

Kxample  21.10.  fuul  the  my  mum?  triad  FtHtrier  scriH  for  the  full  wave  rectified  voltage 
sine  wave  shown  in  Fiji.  21.20. 

Solution,  Since  the  given  function  has  even  symmetry,  bn  =  0  i.e,  il  will  contain  no  sine 
terms  in  its  series- 


Fourier  Senei  747 
The  equation  of  (he  sinusoidal  sine  wave  given  by  V  =  Vm  sin 9  .  En  other  words, 
fm=Vm  =sinfl. 

2*J 


|i  b  so  because  the  two  pants  0-*  and  it ~ 2  arc  identical 


■Ml 


31 


ri=-  f  n/{e)tos/t0f/8  =  — *  P  smdcosnMQ 


Now.  sin  A  cosB  -  —  |sinl  A  +  B)  +  sin(A -  B)\ 
2 


-  1 

it 


f[sinn+H)e+sinfl-/i>eMB 


Vm  cos(l+n)e  cos{1-n)fl 

■  +■* 


ft      (l  +  n) 

-V 


(l-n) 


cosfl  +  rt)K  +  cos(l  -nfit 


I+F1 


J-H 


l-fl 


when  n  is  odd 


Huwever*  when  #i  is  even,  (hen 


1      ]      ]  I 

r  i    1  i 

1+b    1-n    1+n  1~n_ 

l+n  l-n. 

4V„,  v  co^» 
^(i,  -1) 

mm 

2V     4V  H     <•       I  I  ^ 

/(fl)  =  -cos2 e--cos48+  -cos68+.„ 

7t       K  U  15  35  J 


cos  28 


Example  21.il.  Determine  the  Fourier  sieries  for  the  waveform  \hrmu  in  Fig.  21.21  (a)  titui 
sketch  its  line  spectrum. 

Solution.  Its  is  seen  from  Fig.  2121  ui)  thai  ihc  waveform  equation  is  /(0)=  (V„  ^ K>8 .  The 

given  function  /(8)  is  defined  bj 


748 


I. lift  fit  tt!  7  it  lumhit;) 


'  V  ~\ 

rm=\  -j=- 


0  O<0<n 


=  fln<0<2n 

Since  the  function  possesses  neither  even  nor  odd  symmetry,  it  will  contain  both  sine  and 
cosine  terms. 

Average  vaJue  of  the  wave  over  one  cycle  is  V  /4  or  aQ  -  VJ4.  It  is  so  because  the  average 
value  over  the  first  half  cycle  is  VJ1  and  over  the  second  half  cycle  is  0  hence,  the  average  value 

(VM/2}+U  Vm 
for  lull  L-ydc     =   -  J- 


tt3  Jc 


ecosf)W|}^^|  — +  -sinif9 


Tt2  J"  JT1  n! 


=  — ™-(coswjc-I) 


o=0  when  /!  is  odd  because  cosnit  -1=0 

r? 

=  -2V„,  ^  jrn1  when  n  is  even 

|  f3i     in    1  |  fs  _         « jt  <      ^  fin 


fa  =J.f"/(eisinecfe  =  -f  (VL  /n)0sinnec*8+ T  (0)sinrt8fl"6 


siiirtO    8  _ 

 COSflW 


cos 


gel 


^  s=  -VNI I  mi  w/ii-wn  iscven  bn  =  +  Vm  I  nfl  when  n  is  odd 
Substituting  the  valuers  of  various  constants  in  the  general  expression  for  Fourier  series,  we 

V      IV  IV  IV 

/(«)  =  Zs.-       cose_  _£T«l.  COs3e  -  -2«L  cos  50- 

+  ^L5ine-^sift2e+^sinm... 
it  2k  3n 


fin 


0,064 


2K  QUI  3 

FIr.  21.21 

The  amplitudes  of  even  harmonics  are  given  direcUy  by  b  but  amplitudes  of  odd  harmonics 
are  given  by  A„  -  J  a*  +  bl  (Art.  21.4) 


Fourier  Series 

For  example. 


7-W 


A,  =  V(2V„/nV+(VB/H);  -  0,377  V_ 


"'V 

m 


5* 


"  lMvl  1 ....  .nuL  so  i.n) 


The  line  spectrum  is  us  shown  in  Fij!  212!  (/>> 

Example  21.12.  Fmd  lite  Fourier  serin  fur  the  waveform  .\htm  n  m  f  ti;  21.22  In  i 

SJfcrft  >■  r'fj  //r/r  spectrum. 

Solution.  Using  by  the  relation  y  =  mx,  the  equation  of  the  Function  becomes /(/)  =  I.  f  or 

7  =  lca(J  =  2*/r  =  2n/2  =  ii 

2  fr  r1 
By  inspection  it  is,  clear  that  a0  =  2/2  =  1  tf„  *— /{f)  cos /my  =  l.cosflitJ^if 

Since  we  have  to  find  the  integral  of  two  functions,  we  use  the  technique  of  integration  by 
parts  i.t 


a,  -t^  <x&nnadi-^  ^l.J  as  mad!  ^ 


I, 


l»  ■  f 

-  —  sin/Hi/ 

|  nit  |„ 


eo^nitf 


(mi)" 


=  0+ 


(nit)" 


(cos2mr-eosu} 


Since  cos  2mr  =  cosO  for  alt  values  of  n.  hence     =  0 

i  ■ 


2 


2 


2  r7  rT 

fc.  =—    fU)s\nttf&.tdt=\  tsmimdi 
T  Jo  J'i 

Employing  integration  by  parts,  we  get. 
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■Jo 


-cosnnr 


-f 

Ml 


LT>S  'fit.' 


Mii  'J.TJ 


sin  2nir  2 

 cos  Znit 

(nirV  an 


The  sine  term  is  0  for  all  values  of  n  because  sign  of  any  mulliple  of  2n  is  0.  Since  value  of 
cosine  term  is  I  for  any  multiple  of  2n  .  we  have,  bn--2t  nx . 


fUi  =  atl  sin 00*0!=  q,,  -sinnio 


2f  I  I 

I —  sin  id -f- sin  2iu  +  -sin.3rer +. 
irl  2  3 


The  line  spectrum  showing  \tw  am  pi  id  ides  of  various  harmonic*  ii>  shown  in  Fig,  21,22  (&}. 
Kuunplr  21.13.  fhu-mttn*  the  trigonometric  Ftmrier  serie.%  of  the  triangular  waveform  zhnwn 
m  rig  21.23 

Sol u l ion.  Since  the  waveform  possesses  odd  symmetry,  hence  an  =■  0  and  a  =  0  i.e.  there 
would  he  flfi  cosine  terms  in  the  scries.  Moreover,  the  waveform  has  half- wave  symmetry.  Hence, 
series  will  have  only  odd  harmonics.  In  the  present  case,  there  would  be  only  odd  sine  terms. 
Since  the  waveform  possesses  quarter- wave  symmetry,  it  Is  necessary  to  integrate  over  only  one 
quarter  period  of  finding  the  Fourier  coedkicnix. 


\ 

ft 

— ■ 

—  TQ  N 

Q 

m 

/r  i 

/(/)  ~  y.*M  sinnov 

«=i  i 

8  f"'1 

where     &«=— I  /(/JsuiMdV 
/  -i  1 1 

The  quarter- wave  of  the  given  waveform  can  be  represented  by  equation  of  a  straight  line- 
Slope  of  the  straight  line  is  Vm  /  {T 1 40)  =  AVm  I T . 
Hence,  using  Y  -  ins.,  we  huve 

Using  the  theorem  of  integration  by  pjrts,  we  have 


i 


ft»4   f  fTU 


Fourier  Series 


7?J 


t4  ma,, 


sin  npy 


(no>fl) 


7/4 


32v„, 


;4      nojf,      j  ^   (mo,-,)1  t 


Now,  cnft  =  2*  /  T  cc  ujflT'  =  2k  ,-.  monT  /  4  =  tt x  i  2 
.-,    c(isn(00T  M  =  cosnit/2  =  0  when  n  is  odd 

32V„     .        T      32VL    .  mi     8V'„   .  ME 


r^T  4     «-(2n)2       2     nV  2 


*.  =  -r^..  ji  =  1,5.9, 1 3  ....*„  -  -t^- .  ..n  =  3.7,1 1, 15.. 

n  K 


Substituting  this  value  of  hn,  the  Fourier  series  for  the  given  waveform  becomes 

Jti)--^r-  [fan  Wat -— 3w,/  +  —  sin  Sta,,;  -  —  sin  7(0,^ +.,.  j 

Exam  pit  21.14.  Determine  the  Fourier  series  of  the  triangular  wavejtmn  shown  m  f'tg.  21.24. 

Solution,  Since  the  function  has  even  sym- 
metry, 6=0..  Moreover,  il  also  has  half- wave 
symmerty,  hence.  aQ  -  0.  The  Fourier  series  can 

be  written  as  /U)=  ^  afl  cos fl«0r  where 


Fig. 


-4V  f  r 

flic  function  is  giver  by  the  relation  — I  f-  — 


It  is  so  because  for  I  he  interval  0  <  /  <  772,  the  slope,  of  the  line  is  -4  Vm  \  T 

4  (Tl* 

r 


2  r  4  f  ^ 

■■■   a"  =  jjlt  fitiea&ma^tb^-j      /(/)  cos  «oy<Zr 


I  rw„. 


r 


i  i  , 

- — -  cos  ntjw  +  sm  ttb),J 


rtm. 


1:1 


4V 

7 

rttan 

Subsli  luting  ca  =  2*  /  7.  we  get 


-I6V1 


-^-r  (cos hit  - 1)  +  -(sin  mt) 

4it~ij"  4ipi 


2V 
It/I 


■  sm  UK 


Now.  !sinflIE=Q  for  all  values  of  hi.  coshk  =  I  when  n  is  even  add  -  I  when  n  is  odd. 


752 
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n  h 


It  FT 


t? 


i"  =  I 


it  \ 


cos  ow  + — oos  3«u  +  —  ,cos  5t£LJ  +  —  cos  7ut/  + .  „  ] 
9        ^5     25        ^49  ) 

Alternative  Solution 

We  can  deduce  ihe  Fourier  scries  from  Fig.  of  Ex.  21,11  by  shifting  the  vertical  axis  by 
tc/2  radians  lo  the  right.  Replacing  r  by  {  /  +it/  2)  in  the  Fourier  scries  of  Ex.  21.1 1 ,  we  get 


^5in3cot)^  +  yj+^siii5c^.r  +  ^j-~sin7(^^+^j 


-  — f  \  cosuy  +  n  cos  5f%t  +  ^  cosScV  + — cos{J\)i  +  ... 


n-  \  9        v    25        "  49 

Example  2 US.  Obtain  the  Fourier  series  representation  of  the  sawtooth  wtm'fbrm  shown 
m  Fig.  21  2^  (a\  and  plot  its  spectrum 


2V 
it 


v 


2V 
3* 


2* 


Fig.  21.25 

Solution.  By  inspection,  we  know  that  the  overage  value  of  the  wave  is  zero  over  a  cycle 
because  the  height  of  the  curve  below  and  above  the  X-axis  is  the  same  hence]  a  =  0.  Moreover, 
It  has  odd  symmetry  so  that  ~  0  i,e.  there  would  be  no  cosine  terms.  The  series  will  contain 
only  sine  terms. 


f(6)  =  T  li„  sinnti  where h„  «  -  f  *  /(6)sin nfl itQ 
The  slope  of  curve  is  m=V  In 

t.  we  get,  /re>  =  fv/n>e. 

ff  we  are  the  limit  of  integration  form  -IT  to  +  jr  [hen 


fclnnQd&  = 


I 


-2V 


—  ftinrrfl—c-osHG     =  cosim 

fl  «  ^  "ft 

The  above  result  has  been  obtained  by  making  use  of  integration  by  pans  as  explained 
tarikf.  cosuTt  is  positive  when  n  is  even  and  is  negative  when  n  is  odd  and  thus  the  signs  of  the 
coefficients  alternate.  The  required  Fourier  series  is 


f  uurirr  Stria 
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or 


1  I  I 

sin  8 -  —  sin  26  +  -sin  38 — sin  46  + . 

2  3  4 


—sin  2ia,/  +  jsin  3av  -  —  ssn  4ey  ■+>,.] 

As  seen,  the  coefficients  decrease  as  |/n  so  that  the  scries  converges  slowly  as  shown  by  the 
line  spectrum  of  Fig.  21 .25  (fc). 

The  amplitude*,  of  the  iundnmcntal  of  fust  harmonic,  second  harmonic,  third  harmonic  and 
fourth  harmonic  arc  {2tx)A2Vf  2tt),(2V/3n)  and  (2V/4k)  respectiveJy. 

lutiiria!  Problem,  21,1 

J,  Determine  the  Fourier  scries  for  the  triangular  waveform  shown  in  Fig.  21,26  (a  I 

(Netupric  Thmry  ami  Drsign.  AMfETE  June  I990i 


id 


6     I  -T 


Mr,  :i-:r> 


3 


4T 

T 


14  L    *  l 

2    it1  J*  5 

1  Find  the  values  »f  the  Fourier  coefficients  <i0,  am  and  bm  for  the  function  given  in  fig.  21.26 

2        7      'im,      7  [.  2m 
a.  =  -:»,=— sin— ;b. -  —  !  I -co*  — 
J       nrc      3         aic\  3 

3.  Determine  tlie  trigonometric  series  of  the  mancuiur  waveform  shown  in  Fig.  2 1 .27.  Sekich  us  line 
Spectrum. 


Vm 

: 


4Vm 


3»  0=T  0 


-tVrtl 

ft? 


Klfi.  21.27 


+  ~i  costal  +  -p  cosSti^t  +  „ 
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■t.  Determine  die  Fourier  scries  tor  the  sawtooth  waveform  shown  i rt  Fig-  21,28. 


6*  at 


V     V  1  I 

Rt)  =  — =  +  — (sinGy 4  -sin2o\,t  •    siafr^t  +™ 
2      n  1  3 

5.  Represent  (he  full- wave  rectified  voltage  sine  waveform  shown  in  Fig-  21,29  !>>■  a  Fourier  series. 

Vt    t    %  2  2  ^ 

f(1 \ -  — -  HM    oofi2tm  c«4o<  t  — costkrt  ... 

rt     (     S  15  35  J. 

6.  Obtain  trigonometric  Fourier  series  for  the  wave  form  shown  In  Fig.  21.30. 


sinful  +  -sin2(m,t  -t-  -rin&^t  +  -sin-ki^i  .„ 
2  3  4 


?■  Find  the  Fourier  scnes  for  the  sawtooth  waveform  shown  in  Fig.  21.31. 


f 


If  I  1 

f(t)  =  -    sinint  +    <;»ii4Jtf  -  -  sinbirt  + 

Mi  2  3 


■I 


■*  i 


8.  For  (he  waveform  of  Fiy,  2 1 .33,  find  the  Fourier  serieis 
terms  up  to  the  5th  harmonic. 

[Network  TJieory  Nagpur  tMv,  tW.U 


V<t)  =  —  f  sinl  +  -  sin3t  if  -slnSl  +  „. 
*{        3        J  S 


Rg.  21.32 
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<J,  Determine  FtMiricr  scries  of  a  repetitive  triaiijiutiu:  wave  as  shown  in  Fig.  21.33. 
(it)  Whai  s.s  the  magnitude  of  jLc  pcnipooeilt? 

(b)  What  is  the  fundamental  frequency? 

(c)  What  is  the  magnitude  of  the  fumJsimcntaJ? 

(d)  Ohtam  iis  frequency  speetnirm.  (/V>n™rt  Theory  Nagpur  UmvJ99i) 

\Ut\S\  (1)1  Hi  iri  HI/ r:  volt! 


[{JV- 


(HI 

 *■ 

2r 


An 


tut 


Fig. 

|tlh  Determine  ibe  Fourier  series  of  vottiigc632*  I  rcspones  obtained  at  the  o/p  t£  a  half  wave  rectifier 
shown  in  Fig.  23,34,  Plot  the  discreie  specirum  of  the  waveform.      [FJeit-  Network  Aitahsis  Ntigpttr  Unlv 


OA 


0.2 


0.2 


G.J 


Fu>.  2\J4 


V      V  2V  2V  1  2V 

it      2  3it  15  35n 

II,  Determine  ihc  Fourier  coefficient;  ami  plot  amplitude  and  phase  spectral . 

[Ncftvtrrii  Analysis  Nagpur  Umv.  1993) 

4V 

H,  -H,b„  =0.8,  =  -".»,=□ 


-4V.  4\. 
■j  =— — .a,  =0,u5  - — s 
3n  jt 
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Vm 


-2*. 

2 


1 


as 
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A  given  function  fit)  can  be  represented  by  a 
Fourier  series  if  it 

[a)  is  periodic 

(b)  is  signte  valued 

lr)  has  a  finite  number  of  maxima  und  minima 
in  any  one  period 

\d)  all  of  the  above. 

In  a  Fourier  series  expanision  of  a  periodic 
Function,  I  he  coefficient  a  represents  its 

t«.l  net  area  per  cycle 

i hi  d.c  value 

{c )  average  value  over  half  cycle 

id)  average  a_c  value  per  cycle 

If  in  the  Fourier  series  of  a  periodic  function, 
the  coefficient  a((  is  rem,  it  means  that  the 
function  has 

(«}  odd  symmetry  ■ 

\b)  even  quarter-wave  symmetry 

ic)  odd  quarter-wave  symmetry 

{<!)  any  of  die  above. 

A  periodic  function  /  (I)  is  Mid  to  possess 
odd  uuarter-wave  symmetry  if 

(a)  /  (f)  =/(-0 

(ft  fi-t)  =  ~J(t\ 

{c}  /(i}  =  -/(r  +  772) 

(ui  both  (ft)  and  (cj. 

II  ihe  jverfige  value  "l  a  periodic  function 
over  one  period  is  zero  and  il  consists  of 
only  odd  harmonics  then  it  must  he  possess- 
ing   symmetry, 

■..I :  hatf-wave 
ib)  even  quarter-wave 
{,  }  odd  quarter- wave 
Uli  odd. 


6,  If  in  the  Fourier  series  of  a  periodic  function, 
the  coefficient  aa  =  0  and  un  ~  0,  then  it  must 
be  fiHvinji    symmetry. 

id)  odd 

ib)  odd  quarter-wave 
(c)  even 

id)  either  («)  or  (if). 

7,  Ln  the  cane  of  a  periodic  function  possessing 
hall-wave  symmelry,  which  Fourier  coefficient 
is  zero  ? 

{a)  a  (*j  & 

*  r    n  it 

(t-">  b  none  of  above. 

8,  A  periodic  function  has  zero  average  value 
over  h  cyHjie  and  its  Fourier  series  consists  of 
only  odd  cosine  terms.  Whal  is  the  symmetry 
possessed  by  this  function, 

io)  even 

ib)  odd 

(f)  even  quarter-wave 
id)  odd  quarter-wave 

9,  Which  of  the  following  periodic  function 
possesses  even  symmetry  7 

(a)  cos  3r  ■  ■  sin  1 

<<:)/.  cos  50  /         {d}(t  +  r1  +  f% 

Ill,  If  the  Fourier  coefficient  b  of  a  periodic  func- 
tion is  icro.  iJien  it  must  possess  sym- 
metry. 

in]  even 

ib)  even  quarter-wave 
icl  odd 

(ff)  either  id)  and  (fc-J. 

It.  A  complex  voltage  waveform  is  geien  by 
V  =  [20  sin  cof  +  a6(3ftV  +  itr'2)  +  12  sin 
(5av  +  n't.  It  has  a.  time  period  of  T  seconds 
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The  percentage  fifth  harmonic  contorts  in  I  he 
waveform,  is 

(fl)  12  (b)  10 

ici *  5 

12.  In  the  waveform  of  (>.  1 1  above,  the  phase 
displacement  of  the  third  harmonic  represent*; 
a  time  interval  of  secirrKh., 

(ttl  T/12  {b)  TO 

I3>  When  the  negative  half-cycle  of  a  complex 
waveform  is  reversed,  it  becomes  identical  to 
lis  positive  hail-cycle.  This  feature  indicates 
ami  the  complex  waveform  is  composed  of 

(n)  fundamental 

[b)  odd  harmonics 

(c)  even  harmonic 
id}  both  (a)  and  ([,) 


in)  both      uiui  (cV 
14.  A.  periodic  waveform  possessing  bajf-vi'«ve 

symmetry  has  no 

(«)  even  harmonies 

ibi  odd  harmonjes 

(c )  sine  terms 

(it)  cosine  term* 
If.  The  Fourier  serie*  of  a  wave  form  possessing 

even  quarter- wave  symmetry  has  only 

(ti)  even  harmonics 

ib)  o4d  Mine  terms 

Cr)  (Mid  sine  terms 

iff!  both  (b)  and  fe). 
14  The  Fourier  series  of  a  waveform  possessing 

odd  quarter- wave  symmetry  contains  only 

(ii)  even  harmonies 
odd  consine  terms 

(t)  odd  conninc  terms 

(*/l  none  of  above 


C*)*|  w-sr  Wti  u»)ti         (4)  n 

(P)  (J  I   (P)  '6  P)  'If  (J)  'A  y)  »  (")  S  (P)  t-  ip)  v       T  {/))■] 
SH3MSNY 
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TRANSIENTS 


11. 1.  IntnKtuLtkii) 

It  is  quite  an  easy  job  to  calculate  the  steady  current,  which  flows  in  a  circuit,  when  it  is 
connected  to  a  d,c,  generator  or  a  battery-  Similarly,  the  alternating  current  which  Hows  in  a  circuit 
when  connected  to  an  alternator  can  also  be  calculate  by  the  various  method  discussed  in  Chapters 
1 3  and  1 4,  These  currents  are  known  as  Stead?  currents  because  in  such  cases,  it  is  assumed  thai 
(0  the  circuit  components  are  constant  and  (ii)  the  circuit  has  been  connected  to  the  generator  long 
enough  lor  any  disturbance  produced  on  initial  switching,  to  resolve  itself. 

In  general,  transients,  disturbances  are  produced  whenever 

(a)  fin  apparatus  or  circuit  is  suddenly  connected  to  or  disconnected  from  the  supply, 
{b)  a  circuit  is  shorted  and 

(c)  I  here  Is  a  sudden  change  in  the  applied  voltage  from  one  finite  value  to  another. 

We  will  now  discuss  the  transients  produced  whenever  different  circuits  are  suddenly  switched 
on  or  off  from  the  supply  voltage.  In  each  case,  we  will  assume  thai  ihc  resultant  current  consists 
of  two  parts  (i)  a  final  steady-stage  or  normal  current  and  (if)  a  transient  current  superimposed  on 
the  steady-stage  current. 

It  is  essential  to  remember  that  the  iransieni  currents  are  not  driven  by  any  pan  of  the  applied 
voltage  but  are  entirely  associated  with  the  changes  in  the  stored  energy  in  inductors  and  capacitors. 
Since  there  is  no  stored  energy  in  resistors,  there  are  no  transients  in  pure  resistive  dreuits. 

11.1.  Types  of  TrunsivtiLs 

There  arc  single -energy  transients  and  daubie  energy  transients.  Single-energy  transients 
are  those  in  which  only  one  form  of  energy,  cither  electromagnetic  or  electrostatic  is  involved  as  in 
R-L  and  R-C  circuits. 

However,  double-energy  transients  are  those  in  which  hoih  dcctrranagncik-  or  deciwsiulic 
is  involved  as  in  R-L-C  circuits  Transient  disturbances  may  bo  further  classified  as  follows  : 

iu  i  I mtiiilinn  Transients  These  are  produced  when  a  circuit,  which  is  originally  dead. 

is  energised. 

ib\  Suhvirlt'iicr  Transients    :     These  are  produced  when  an  energised  circuit  is  rapidly 

de-energised  and  reaches  an  eventual  steady-stage  of  zero 
current  or  voltage,  as  in  the  case  of  short-circuiting  an  R-L 
or  R-C  circuit  suddenly. 

i;  .  Transition  Transients  These  are  due  to  sudden  but  energtic  changes  from  one 

steady  state  to  another. 

U\  t:«sjip]ex  Transients      :    These  are  produced  in  a  circuii  which  in  simultaneously 

subjected  to  two  transients  due  to  two  independent  distur- 
bances Or  when  the  disturbing  force  producing  the  tran- 
sients is  itself  variable. 

It']  Itelaxaliun  Transients    -     In  these  transients,  the  transition  occurs  cyclically  towards 

states,  which  when  reached,  become  unstable  themselves. 

A  distinction  may  also  be  made  between  Free  and  forced  transients  which  are  produced  due 
to  the  applied  voltage  being  itself  transient. 

75H 
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22J.  Importune  Differential  Equations 

Some  of  the  important  differential  equations,  used  in  the  treatment  of  single  and  dm  1  hie 
energy  transients,  are  given  below.  We  will  consider  both  first-order  and  second-order  differential 
equation*. 

1.  First  Order  Equations 

dy 

1.f)  Let  — +  (jv-  =  0  where  a  is  u  constant. 
dx 

lis  solution  is  y  =  k  e where  k  is  the  constant  of  integration  whusc  value  can  be  found  from 
the  boundary  conditions  i.e.  conditions  prevalent  at  the  instant  when  the  voltage  to  a  circuit  is 
applied  or  excluded, 

dy  '  h 

If'r'J  ff  —+uy=b  where  a  and  b  are  constants,  then  solution  is  v  =  +ke 

dx  a 
The  value  of  k  can  again  be  found  from  boundary  conditions. 

tiii)  ff  ^L  +  Av^B 
dx 

where  A  and  B  are  not  constants  but  are  functions  of  x,  then  the  solution  is  given  by 

-  f  M  f    f  Alts  -[  A-ii* 

y  =  e         W      Bdx  +  ke  } 
ff  A  =  a  =  constant,  then  the  above  equation  simplifies  to 

I.  Second  Order  Equations 

d2v  dy 

(1)  Suppose  ™r  +  a— +fc>-=0  where  a  and  b  are  constants,  ilipn  ifu>  snlut  ■-. 

dx  dx 

y  =  k1eu*  +VX2a 
where  Ju[  and  X*  are  constants  of  integration  and  whose  values  are, 


(a)  If  a^4  >  if,  ihe  roots  are  real  and  the  above  solution  can  be  applied  without  any  difficulty. 

(b)  If  uTlA  <  b.  the  radicals  contain  a  negative  quantity.  In  thai-case,  the  solution  is  given  by 

1 

—of 

y  '=  e  -   iky  sin  kax  +  k4  cos  X0.r) 
where  *.  and  kf  are  the  new  constants  of  integration  and 


Ki  ]f\r/4  =  /j.  (hen  both  uhhk  arc  ei:i]  and  each  is  =  -a/2. 
Hence,  in  this  case,  the  solution  becomes  y  =  Jb,  +Jtfii.^ 

(fj)  Let    ™-  +  fl— +6v=c 

where  aT  b  and  c  are  constant.  In  this  case  also,  the  solution  will  again  depend  on  the  root  as 
discussed  above, 

y  =  kl^V  +  k2eX2x+c/b 
(iii)  {a}  Let  the  differential  equation  be  given  by 

d7v  dy 

— '—  +  fl  —  +  by  =  u 

dx'  dx 

where  ii,  b  are  r  are  constants  but  u  is  a  particular  function  of  the  variable  r.  The  solution  of  such 
an  equation  consists  of  a  particular  integral  ;ind  u  eompkmenlurv  function. 
i.b)  Let  y  be  a  sinusoidal  function  of  x*  then 
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tt  y  dy 

— ™+a—  +bv=  c  sin  aw 
dx~  dx 
In  ihis  case,  particular  integral  is. 


COS 

nil  tail 

..     «™  J 

'Hie  complementary  function  is  givun  by 

,y3  =Jt,^lj  +Jt2/;A  where  X,  =--- 

The  complete  solution  for  die  above  equation  is  y  =  >'  +  .v 

Further  treatment  is  the  same  as  for  case  2  (i)  ahnve. 
22.4.  Transient)  In  R-I.  Unuits  ID.C.) 

If  j,  /  and  i  he  the  resultant  current,  find  steady-state  current  and  transient  current  respec- 
tively in  ft-L  circuit  of  Fig.  22,  J  (a),  then  by  supcrimposilion,  the  equation  for  the  resultant  cur- 
rent, fur  the  duration  of  initiation  transient,  is 

IS     «        t  L 
'J  p—W-  HSP- 


,_V..  , 
i=p-(l— #  ) 


or 


Fig,  22.1 

i  —  +  i 

Since  the  applied  voltage  V  drives  the  stead  v-stage  current,  hence 

Since  the  transient  current  /  is  not  associated  with  any  voltage, 

j 

dt 

U  L 


f  — 55  —  T  rfi  logh  /,  »-w-hJT* 

wlvrre  A"  is  the  constant  of  integration  whose  value  may  be  found  from  the  initial  conditions, 
Now  when  t  -  U,  ff  -  /(( (say).  Then  from  Bq.  fo-y  above  we  get,  logh  ifl  =  0  +  K 

Putting  this  value  of  AT  in  Fq.  (iv),  we  have 


-  w 

('111 
am 


log  h  j,  -  logh  /<,  =  —  t  or  logh  L  I  f(J  -  — r  -  — 
L  L  X 


■if). 


when;  X  -  £,/  R  is  called  the  lime-consianl  of  the  circuit.  Its  reciprocal  R/L  is  called  the  datnping 
coefficient  of  the  circuit.  The  current  decreases  exponentially  as  shown  in  Fig.  22.1  {b).  From  Eq. 
(/}  and  fvl.  we  have 


i^/.+V^  ...  (w) 

If  the  time  is  reckoned  when  the  voltage  V  is  applied,  so  that  when  f  =  0,  f  =  0,  tben  from 
equation  (i-jj,  we  get 


I'ramients 


71,  \ 


In  [hjii  case,  Eq.  (w)  becomes 


,    V    V  . 

j  * 

R  R 


{vif> 


(viii) 


Curves  for  /.  and  fr  have  been  plotted  in  Fig,  22.1  {b).  The  curve  for  resultant  current  has 
been  obtained  by  the  superposition  of  steady-state  current  jf  (=  VIR\  and  transient  current 


Voltage 


t.  =  —  e 
R 


Theoretically,  the  transient  current  i  takes  infinite  time 
to  die  off  hut.  in  practice,  n  disappears  in  a  very  short 
lime. 

The  values  of  resultant,  steady-slate  and  transient 
voltages  across  the  resistor  can  be  found  hy  multiplying 
Eq.  (vjV)  hy  R  and  are  shown  in  Fig.  22.2.  The  e.m.f.  uf 
lflR=-V sclf-indueuoii  l Ji  hit  is  only  iiausieut  in  nature  and  equals 
V\g>  2Z2  i  R  as  seen  from  Eq.  {it)  above. 

IIS.  Short  Circuit  Current 

After  some  lime,  the  transient  current  would  disappear  and  the  only  current  flowing  in  the 
circuit  would  be  the  steady-state  current  I  =  V/R,  let  the  R-l,  cireuit  be  closed  upon  itself  tie.  be 
ihurl-circuJlcd  by  shifting  the  switch  |Fig.  22.1  (a)]  la  position  2.  Since  the  voltage  V  has  been 
excluded  from  die  circuit,  the  trapped  current  /  will  immediately  cease  to  be  a  steady -stale  cur- 
rent, but  on  the  other  hand,  will  become  the  initial  value  of  a  new  subsidence  transient  current 
<    if  lime  is  measured  ai  the  instant  of  short -circuit,  so  thai  when  t  =  fl,  the  current  us 


I  -  VR,  then  Eq,  iv)  becomes 

i^f*-**  ...^) 

This  equation  has  been  plotted  in  Fig.  22.3,  The  only 
voltage  acting  in  the  circuit  is  that  due  to  self-induction  i.e. 
-  L  dijd!  which  equals  i  fi. 

22.6.  Time  Constant 

The  time  constant  of  a  circuit  is  defined  as  die  tunc  it 
would  take  for  the  transient  current  to  decrease  to  zero,  if  the 
decrease  were  linear  instead  of  being  exponential.  K%.  2U 

In  other  words,  it  is  the  time  during  which  the  transient  current  woukl  have  decreased  to 
lero.  had  it  maintained  its  initial  rale  ut  decrease. 

The  initial  rate  of  decrease  can  be  found  by  different utint!  Liq.  \v<\  and  putting  t  =  U 


-r/X 


dt 


tf  the  rale  of  decrease  were  constant  throughout  and  equal  to  — /u  /  X.,  then  ihe  straight  line 
showing  the  relation  between  i  and  t  would  be  given  by 

The  lime-period  would  be  equal  to  the  sub-tangent  OT  drawn  to  the  exponential  curve  of 
Fig.  22.3  at  ti  -  I  \.t.  at  the  beginning  of  the  curve. 

If  wc  put  t-m%  in  Eq.  (i ),  then  |  =  L  e  1  =  /(/e  =  /(/Z718  -  0.37  L 
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Hence,  lime  period  of  a  circuit  is  the  lime  during  which  the  transient  current  decreases  to 
0.37  uf  its  initial  value. 

Example  22.1.  1  rati  having  a  resistance  of  .10  <i)  and  on  inductance  of  0.0V  H  i\  connected 
ocntss  u  bourn'  of  JO  V,  Plot  the  current  and  its  two  cntnponents,  Asxumt  that  <  =  <>  when  the 
rin  iot  is  tamfth'terf  < Electromcchank  Mlahnhnd  Univ.  1992) 


FT*.  22.4 

Solution.  The  two  components  of  the  circuit  current  arc  (?)  steady  current  /  -  V/R  -  20/30 
=  2/3  A  =  667  mA  and  i.ii)  Transient  current  i{  =  -{V I  R)e~'a . 

Total  current  is  i  —  lt  Let  US  find  the  value  of"  transient  current  after  various  lime  inter' 
vals  In  the  present  case.  \  =  L  I  R  =  0.09/30  -  0.003  second  =  3  millisecond. 

The  values  of  f.  and  /  at  various  times  are  tabulated  below.  Value  of  f  =  /  +  f 


f 

fjrnsj 

t 

i 

(mA) 

i 

i 

(ms) 

i 

r 

(mA) 

i 

00 

1  000 

-667 

0 

2.5 

0.435 

-290 

377 

0.5 

U.847 

-565 

102 

3.0 

0368 

-244 

423 

1,0 

0,716 

-All 

ISO 

3.5 

0.311 

-208 

459 

1.5 

0.606 

^405 

262 

4,0 

D.264 

-176 

491 

2.0 

0.514 

-344 

323 

4.5 

0.223 

-14& 

519 

It  is  seen  that  whereas  transient  current  decreases  exponentially,  total  circuit  current 
increases  OLponemially  ;is  ex  pec  led  iFig  22.4), 

Example  22.2.  A  citpuit  of  resistance  It)  H  and  inductance  0.1  H  in  series  has  o  direct 
voltage  of  200  V  suddenly  applied  to  tt.  Find  the  voltage  drop  armss  the  inductance  at  the  instant 
of  swttt  htrix  an  ami  of  0.0 1  second  Find  also  the  flux- linkages  at  these  instants. 

i.  Bask  Electricity,  Bombay  Univ.,  1985) 

Solution,  (it  Switching  instant 

At  the  instana  of  switching  on.  i  -  0,  so  that  i*R  *=  0  hence  all  applied  voltage  must  drop 
across  the  inductance  only.  Therefore,  voltage  drop  across  inductance  -  200  v. 
Since  at  this  instant  i  fa  0,  there  are  no  flux-linkages  of  the  coil. 
Oil  When  I  =  0.11 1  second 

As  time  passes,  current  grows  vo  that  the  applied  voltage  is  partly  dropped  across  ihc  resis- 
tance and  pardy  across  the  coil.  Lei  us  iirst  find  if?  drop  tor  which  purpose,  we  need  die  value  of 
i  at  i  =  0.01  second. 

Now.  time  period  of  the  circuit  is  \  =  UR  =  0.1/ iO  =  0,01  second.  Since  ihc  given  time 
happens  to  he  equal  m  lime  constant. 


Transient*  763 
.-.     i  -  (20Q/10>  *  0.632  -  12.64  A;  iR  =  152.64  x  10  =  I2&.4  V 


Drop  across  inductance  =  V2005  - 126,4*  =  '55  V 

Now,  I.  =  N  <&li  or         /ynj)  =  /j 

,\    Flux-linkages  Zj '  =  0J  x  12,64  m  L264  Wrj-lums. 

Kxumpk-  22 J.  A  coil  of  10  H  uuluctanc*'  and  512  restitute  <■  is  connected  in  fniralU-l  with  n 
20  ft  resistor  across  a  100-V  d,c.  supply  which  is  suditcnh  disconnected  1  tmf 

III)  ftlr  Mltlllt  rillr  rrf  l/itlllf>t   l')  lit!  it'll  u/lf  iMdlVl/rjJi 

tb)  the  voltage  at  rtm  the  20  ft  resistor  initial Ix  and  after  O.J  .\ 

(ct  the  voltage  across  the  switch  contacts  at  the  uutant  of  separation  and 

\d)  the  rule  at  which  the  coil  is  losing  suited  energy  O.J  second  etfter  mulching. 

Solution,  {a)  Since  the  steady -state  current  is  zero,  i  =  /„  e^'1 

Now,  when  r  -  0,  current  is  =  100/5  =  20  A.  It  means  the  current  flowing  through  the  coil 
mimcdiaiely  before  opening  die  switch  is  2D  A, 

/0  =  20A 

Hence,  the  above  equation  becomes  i  =  20  e'"^ 

Now  X  =  Lffi=  10/25  =  1/2J*  :.    r  =  20r~:v 


(-20x2.5  -_50  A/s 


The  negative  sign  merely  shows  that  the  current  is  decreasing. 

ib)  After  the  supply  has  been  disconnected,  the  current  through  the  20 -ft  resisior  is  i  since 
it  is  tn  scries  with  the  coil. 

Initial  p.d.  across  the  20ft  resistor  -  (current  ai  f  ■>=  0)  x  20  =  20  +  20  =  400  V 

Current  through  the  resistor  alter  0.3  second  =  2(k~2jK°3  =  945  A 

.-.  Voltage  across  the  resistor  after  0.3  second 

-  (cum-m  at  I  =  0.3  second)  x  20  =  9.45  x  20  =  189  V 

(r|  The  e.m.f.  induced  in  the  coil  at  break  tends  to  maintain  the  current  through  it  in  the 
tojiinal  direction.  Hence,  the  direction  of  the  current  through  -  0  ft  resistor  is  upwards  so  dial 
ihe  p.d.  across  the  switch  contacts  will  be  the  sum  of  supply  voltage  and  the  voltage  across  20  ft 
resistor. 

,-.  Initial  voltage  across  switch  contacts  =  400  +  100  =  SIM*  V 

(d}  The  rate  or  loss  or  energy  =  power  =  induced  e.m.f.  in  coil  x  current  (after  0.3  s] 

=  L\—  1      x  (after  0 J  second) 
\dt  )lw0l 

Nitw.  after  OJ  second,  j  -  9.45  A 

Value  of  di/dt  after  0.3  second  =  -  20  x  2-5  x  c~°"  =  -  23.6  A/sctrond 
.'.  Rate  of  loss  of  energy  s-10x  23.6  x  9.45  =  -  2,230  joule/second 
22.7.  Transients  in  R-L  (in nil*  (A.C-1 

Let  a  voltage  given  hy  v  =  sin  Itttf +  *F)  be  suddenly  applied  across  an  R-L  circuit  (Fig. 
22.5  [a\\  at  a  time  when  t  =  0.  It  means  that  the  voltage  is  applied  when  it  is  passing  thruugli  the 
value  V  sin  q>_  Since  the  contact  may  be  closed  at  any  point  of  the  cycle,  angle  *p  may  have  any 
value  lying  between  zero  and  2ir  radians.  The  resultant  current,  as  before,  is  given  hy 

i  —  i  +i 
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R  I, 

i — ^\AAAN-^m — i 


nr. 


Fig.  22.5 

The  value  of  steady-state  current  is  found  by  ihe  normal  circuit  theory.  The  peak  steady-slate 
L-urrciU     given  bj 


where  Jr*+~X^  is  the  impedance  of  the  circuit.  This  current  lags  behind  ihe  applied  voltage  by 

an  angle  0  such  tliat  Urn  <f  =  Xf  tR  =  or  <ft  =  tan"'  IXJR) 

Hence,  the  equation  for  the  instantaneous  value  of  the  steady-state  current  becomes 

it  -  fm  sin  t(ur  +  ^  -  <t>) 
As  before,  the  transient  current  is  given  oy 

Now,  when  r '«*  ft  *  =»  0,  hence  putting  these  values  in  Eq.  (i)  above,  we  gel 
Hence  Eq.  (f)  can  be  written  as 


i  =  lm  sintoi?  +  T .sin^T - 0) c 


|7A 


INI 


From  lite  above,  it  is  seen  that  the  value  of  ;  and  hence  the  size  of  the  transient  current 
depends  on  angle  q>  i.e.  it  depends  on  the  instant  in  the  cycle  at  which  the  circuit  is  elosed,  We 
will  consider  the  following  three  eases  ; 

Case  1 

When  /  as  {>,  let  the  voltage  pass  through  its  zero  value  and  become  positive  Le.  let  f  =Q ,  tn 
that  case,  putting  this  value  of  if  in  Eq.  Iff),  we  gel 

i  =  lm  sin(C0/-<t>Ww  sm{-^)e'"y  =  /  J  sink* +  sin \ 
This  is  shown  in  Fig.  22.5  {b).  ft  is  seen  ihat  maximum  instantaneous  peak  current  OB  is 
larger  than  the  normal  peak  current  OA. 
Cuse  2 

Let  f  =  0  when  voltage  is  passing  through  its  value  V  sin  10  so  that  4J  =  ^nwT-(|)  =  0 
In  that,  l0  =  0,  there  is  no  transient  current  at  the  time  of  switching  on  (i.e.  if  =  0  ).  U 
corresponds  to  the  contacts  closing  at  the  instant  when  the  steady  slate  current  itseelf  is  zero. 
Cast  3 

When  /  =  0.  let  the  voltage  he  passing  through 

V^sirt^i^jiV.  ^  =  *±^  and  f-®-±x/2 
In  this  case,  die  transient  [ui>  found  from  Eq,  (if)]  would  be  given  by 


I  ±~ 


Under  these  conditions,  the  transient  would  have  its  maximum  possible  initial  vaJuc, 
Example  22.4.  A  1  II  H  i  hake  has  a  resistance  of  50  ft .  This  chake  is  supplied  with  tut  a.t\ 

iW/mfr  aivt'n  by  e  -  14 1  v»r  fN  I  /•'»«</  the  e\pn>.ssitm  far  the  transient  component  ■  if  the  current 

flowing  through  the  choke  after  tlie  voltage  is  suddently  switdwl  on. 

i  Principles  nf  Elect.  Kngg-ll,  Judavpur  Univ.  I'Wii 


transients 
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Solution.  The  equation  of  the  transient  component  of  the  current  Ls  (Art  22.7  Case  1 1 
i,  =/„suH*~"1 

Here,  ^  =  i/J?  =  1/50  =  0.02  second  :  Z  =  50  +  /  314  =  318  ^  80.95* 

£  =  VWZ  =141/318  =  0,443  A;     sin  80.95*  =  0.9875 
(  -  0,443  *  0.9875         =  0.4376H*un 
Example  22.2.  .1  50-Hz  sinusoidal  vuliii^c  of  maximum  value  of '400  V  is  applied  ta  a  sent* 
i  iiruif  i  'I  resistant  e  10  il  and  inductance  if. I  H.  Fttul  tun  expression  fur  the  value  of  the  cum'nt  ai 
any  mutant  after  the  voltage  is  applied.  assionuig  dim  valtaife  i.v  icrn  m  the  instant  of  afiplication. 
Cukittatc  its  value  0.02  second  after  .witching  an  i Flectric  Circuit,  Punjab  Univ.  I990t 

Solution,  [n  such  cases,  as  seen  from  Art.  22.7  (Case  I),  the  current  cunsists  of  a  steady- 
state  component  and  a  transient  component  Hie  equation  ul  die  resultant  current  is 

ji 

i  =  /„,sin(c<Jf-+)  +  lm<m$e 

HEMl>-riJk  muuKnl 
.un.  rii  ■  nm  v 

where  lm  =  Vm  fZ ;  *  =  tan"1  (XLiR)  tX=LlR  second 

R=\Qtl\XL  =  314x0.1  =  31.4«:Z  =  10  +  /  3 1.4  =  33  ^72Jr* 

fm  =400/33=  12.1  A  ;  «  =  72.3"=  t.26  rad. 

sin*  =  sin  72.3*  =  0.9527  ;  \  =  0.1  / 10=  I  /  LOO  second 

i  -  121  {sin  (314  f  -  L262)  +  0.9527  J™} 

Substituting   /  =  0.02  second,  wc  get 

f  =  12.1  (sui  (314  x  0.02  -  1.262)  +  0.9527  r'1} 
=  12.1  {sin  5.02  +  0.9527  e  2\  =  til  (sin  2KS°  +  0.9527  «•  "> 
=  12.1  <-  sin  72*  +  0.9527  x  0.1353)  =  12.1  (-  0.951 1  +  0.1289)  =  -9,95  A 
Kxumplr  22.fi.  An  alternating  vt'lhtiie  i  =  4(Hi  un  t.H4  t  +      J  i.i  nuUrnth  applied  actios 
a  cod  of  resistance  02  11  stud  inductance  fj..?A  mH  Dcicruunc  the  tint  peak  value  of  die  ivstdttmt 
current  when  tlir  transient  ■  taunt  hot  minimum  value 
Sulutiun.  Obviously,  ta  =  ?]4  rad/s 

Xt  =  ml.  =  3M  x  fi3nx  in    =  2  Q 

Coil  impedance  Z  =  0.2  +/2  -  2  Z  843" 

Max.  value  of  steady-stale  current  =  400/2  -  200  A 

As  seen  from  An.  22.7,  the  maximum  value  of  transient  current  will  dclui  when 

H1  =  0±  It  12  where  $  =  84.3°  if.  the  phase  angle  or  the  curreni  w.r.t.  voltage 
.-.  *p  =  84.3°  -  90*  =  -  5.7* 

resultant  curreni,  i  =  400  sin  (314  t  -  90")  +  fa  «_JI * 
Now.  at  t  =  0.  i  =  0  .-.         0  =  400  sin  (-  90")  +  [()    . .  fM  =  400  A 

Hence,  the  above  equation  becomes 

/  =  400  sin  ( tw  -  90°)  +  400  **** 
The  procedure  for  determining  an  exact  solution  for  the  first  peak  of  the  resultant  current  is 
first  to  differentiate  the  above  expression,  next  to  equate  the  result  to  zero  and  then  to  solve  the 
resulting  expression  graphically  for  f.  However,  sufficiently  accurate  result  can  be  obtained  by 
determining  the  instant  al  which  steady-slate  current  reaches  its  first  positive  peak  value  and  then 
to  add  to  ii  ihe  value  of  the  transient  current  at  this  instant.  The  first  peak  value  of  steady-stale 
current  occurs  when 

(314  t-  90")  =  it/2  rad  ;  U.  when  t  =  n/314  =  0.01  second 
At  this  time.  i  m  400  e~°llA  =  292  A 

resultant  current  i  al  this  time  =  200  +  292  =  4U2  \ 
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218.  Tmnsirnls  m  R-C  Wecrks  Circuits  (D.C) 

When  a  d.c.  voltage  V  is  suddeiuly  applied  to  an  R-C  series  circuit  (Fig,  22.61,  the  voltage  v 
acros*  the  capacitor  rises  from  zero  value  to  the  steady-state  value  V'.  If  v  is  the  voltage  across 


capacitor,  v   the  transient  voltage,  then 

v  =V+Vci  ...  ui 

i  lk-  charging  curium  is  maximum  at  the  beginning  but  then 
is  reduced  to  zero  so  that  there  is  no  steady-state  current  but  a 
(ranhienl  one. 

Since  the  transient  current  is  not  associated  with  any 
applied  voltage,  hence 

iR+v  =0  ....  dil 

f  er 

Now.  capacitor  voltage     =  qJC 
Hence,  Eq.  (ii)  becomes 


I   S  R 
J> — Vv\A- 


T  1 


or 


C 

*a*iA-*  or  4 

di     C    ell  dt 


<:dq,/dt  =  i,) 

CR  dt  CR 


CR 


As  before  i,  =  /0e""CT  -  V""1 


where  CR  =  JL  =  time  constant.  The  reciprocal  IICR  is  known  as  damping  coefficient. 
\i\  Charping  (.'uirenl 

u  -fa 


ft) 


f 

i 


-f  i 

Fig.  22.7 

When  ;  =  i\  transient  current  i  =  /„,  so  that  from  Eq  1/1)  v  -  LR.  Moreover,  when  >  =■  ft, 
v  =  0.  hence  from  Eq.  If),  v  -  -  V 

t  .  ^  IT 

Combining  these  results,  we  gel 


Transit  tin 


'r=V  =-«* 

This  is  plotted  in  Pig.  22.7  la) 

The  transient  voliage  across  the  resistor  k  is  triven  by 

ij?=  — 

-  V(-i'l     Rg,  19.7  (fr) 

Prom  Eq.  (j7i  the  value  of  transient  voltage  across  the  capacitor  is  va  =  —isR 
Hence,  Eq.  (i)  becomes 

or                                          Vl.  =  V0-e-l!k)  .-(ii'j'l 

1"ht  voltage  across  the  capacitor  v  which  is  the  sum  of  the  transient  voltage  \r  and  steady - 

slate  V  has  been  plotted  in  Fig.  22.7  (c}\ 

The  charge  across  the  capacitor  is  given  by 

q  =  Vf  =  CVO  - r"* )  or  q  =      -  (.\  Q~CV) 

l  Ml  Discharge  Current 

When  the  capacitor  has  become  fully  charged  so  thai  charging  curreni  has  ceased,  then  the 
R-C  circuit  is  short-circuited  by  shifting  the  switch  S  from  position  I  to  position  2  (Fig  22.01.  Uu 
duing  so.  a  iransieni  discharge  current  will  start  flowing  immediately.  If  time  is  recokned  from  the 
instant  of  short-circuit,  (hen  when  t  =  0,  i  =  /ff  hence  from  Fq  (til  abo\u'  v  ;  =  -  R.  Moreover, 
when  r  ^  0,  v .  =  V.  However,  since  there 'is  no  steady-state  voltage  across  trie  capacitor,  from  Eq. 
(0,  we  gel  i'r  =  v^.  Combining  these  results,  we  get 


It  is  plotted  in  Fig.  22.8  {a).  The  negative  sign  shows  that  discharge  current  flows  in  a  direction 
opposite  to  that  in  which  the  chargining  current  flows.  That  is  why  the  curve  has  been  drawn  hekiw 

the  X-axis-  It  may  be  noted  that  the  only  voltage  in  the  circuit  is     which  equals  -i,R . 

f  xampk  22,7.  in  a  simple  Mm  ttkfth  generator  circuit  with  the  thynttnm  swilciws  on  at  150 
V  and  mitcftex  off  at  10  V.  If  this  t  iti  uil  i.\  supplied  with  250  V  ii.<  xnurfe;  fiiui  the  ttnw  ptmwJ  i>t 
\an-hmth  nave  The  rexiltaiice  tinJ  cuptiritmiri'  have  the  values  of  If)  l£l  anil  I  \xF  respeelive!\ 

i  Principles  of  Fleet.  Kngg-ll.  Jaduvpur  Univ.  19117) 
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Solution*  Wilh  reference  lo  Fig.  22.9.  lei  „ 

V  -  applied  vollagt  ,  J,™  y 

veS  -  switching-off  voltage  of  the  thyratroii  =  10  V 
vt3.  ~  switchingon  voltage  of  the  Lhyralroii  =  150  V 
Now.          v=V(\-e  ,a 


<f> 


=  10  V 


Mg.  22.9 


Where  7  is  the  time-period  of  the  saw-moth  wave.  Fmm  Eq.  (i)  and  (ii),  Wf  gel 
T  =  X!og,^-vrl)/(V-Vr,) 

Now  x  =  CK  =  I04  X  LO"*  =  1 0_i  second 

V-vrf  =150-10  =  240  V;V-vc2  =  250- 150  a  100  V 


V  -  v 


0.0M75  second 


V-v,.,  100 

Eamplt  22.K.  A  simple  neon-tube  time  base  far  u  cathode-ray  Mciiintyraphv  emplov.n  it 
fBB  i&l  and  a  0.016  |iF  capacitor.  The  striking  and  extinction  voltages  of  the  neon  tube  are  170 
V  ami  140  V  respectively.  Calculate  the  frequency  ,)f  the  time  base  if  the  supply  vuliage  is 


m  V 


Solution.  The  voltage  OCfOSS  the  capacitor  increases  according  lo  the  equation 

-.nil 

v2  -  |_  "Xr.-f 

|7fl  v 


*  MM.  k  ■  • 


300  V      r  1  o 


final  futil- 


ity 


vL,=V(\-e 
It  is  shown  in  Fig.  22.10  \b) 


■HCR 


t  vs.  22.10 

I 


vtf:i  =  V(l-flw'*m) 
From  eq.  </)  and  (ii),  wc  gel 

Now  X  =  C/f  =  O.Ol6xl0~6x3O0x| 0 J  =  4.8  xl0_  3  second 

V - v,,  =  200- 140  =  f)0  V  and  V  - v,.2  =  200-170  =  30 V 

T  =  4.8  x  10"J  log 60  /  30=1/ 300  second 
Frequency  of  time  base  =  l/T  =  MM)  H/ 


I  mush  till 
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224.  TransJenls  in  R-C  Si'rics  Circuits  (A.C.I 

In  this  case,  the  resultant  currents  can  he  determined  in  the  same  way  as  for  an  R-L  circuit 
(An.  22.7 1.  ll  is  given  by 


j  =  i,+i, 


sin  koc      +    +  V 


R|t  22,11 

where 


JTld 


ijft' 

vm  Vm  sinful/  +  \f) 


I   =  V 


The  value  of  /  lis  round  from  initial  known  conditions  tf-G,  /= Uj  is  given  by  La^iw  <  \\i  +  *f>  \ 
Hence,  ihe  resuliani  current  becomes 
i  -  /Msin(tiif  +  ty  +  <pt 

-  f„  sin  I  ¥  + 

As  shown  in  Fig.  22.il.  the  resuliani  current  nl  the  moment  of  switch  closing  is  OA  and  is 
made  up  of  steady -state  current  OC  and  transient  current  OB. 

22.10.  Double  fcnergv  Transients 

In  an  R-L-C  circuit,  hoth  electromagnetic  and  electrostatic  energies  are  involved,  hence  any 
sudden  change  in  the  conditions  of  the  circuit  involves  the  redistribution  of  these  two  forms  of 
energy  The  transient  currents  produced  due  to  this  redistribution  are  known  as  douhlc-ciiL-r^ 
transients  The  transient  current  produced  may  he  unidirectional  or  a  decaying  oscillatory  current 

In  an  R-L-C  circuit,  the  transient  voltages  across  the  three  circuit  parameters  arc 

i,.R.ihli,  tilt)  and  HJC .  Hence,  the  equation  of  ihe  transient  voltage  is 

r./J+L-^  +  ^-  =  0  ...  if) 

dt  C 

Diflerentiating  ihe  above  equation  and  pulling  jf  for  dqtdt,  we  gel 

This  is  a  linear  differential  equation  of  the  second  order  with  constant  eocllicieni  like  2  \i) 
given  in  Art  No.  22.3.  Its  solution  is  given  by 

where  kf  and  k_,  are  constants  whose  \alues  Lire  found  (rum  ihe  boundary  conditions.  Ihu  ■> allies  o| 


fc(  and  J\7  are  given  by 


,         ft     [r*~     1        ,  .         R      Iff-  1 

A. ■  —  —  ,1  :  and       =  1 J  — r  —  -  - — 

2L    \AL-    LC  *      21    W  LC 

Depending  on  the  value  of  X,  and  \1.  four  different  conditions  of  the  circuit  arc  distin- 
guishable We  will  now  examine  these  four  conditions  in  die  case  of  an  R-L-C  circuit 
Cast-  I,  Lass-free  I'ircult.  R  =  H  i.e.  I'nriiimpcd 


In  this  case,  \  =  J  =  j  -]JTc  -  - /tu  and  k: 

V  LC 

Hence.  Eq.  (fif)  given  above  becomes 
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f, 


<Jtn  +  Ai  1  cos  en?  +  jfflr,  -  k2  bin  (of 
i  Aeosoy  +  £sincur 


where  lAa^-tAj  and  B-  }{k\  -  k:  \ 

Bq.  {(v)  can  be  still  further  simplified  to 
I,  =  L.  sinftur  +  it) 


where  /B|  =  Va:  +  B2  and  <|>  =  tan"1  (.4/  0) 

As  seen  from  Eq.  O'K  The  transient  current  in  this  case  is  sinusoidal  wave  of  constant  peak 

value  and  frequency  f  =  \{  IkJTc  as  shown  in  Rg.  22.12  {cf>.  The  values  »f  two  constant  terms 

lm  and  $  tan  be  determined  from  any  t\v0  known  initial  circuit  conditions  which  are  [s)  the  initial 
current  in  the  inductance  and  {it)  the  initial  voltage  across  the  capacitor. 


<'hsg  2.  littw-lms  t  ircuit:  ^       ^    i.e.  Under-damped 

In  thus  case.  A.,  and  X,  would  be  conjugate  complex  numbers  because  the  term  under  The 
square  root  sign  in  each  case  would  be  negative. 


J  ii-R~ 


LC 


4Lf 


h 


u=  —  and  a  ~ 
21. 


J! 

 r  then  k,  =-a  +  _/*o  and  \*,  =  -n-j<D 

LC    A!-  1  " 


Putting  these  values  in  equation  t>Jt  we  get 


-Jrt,5Be-<"U,<r'»+*tf"*B,t 


This  equation  can  be  reduced,  as  before,  to  the  form 

',  =  /„,<•  '"sintciif  +  dl)  .~<fi>) 
where  /„,  and  <j)  are  conslanis  as  before.  Equation  {vi)  represents  dumped  Transient  oscillator)' 
currenl  as  shown  id  l-'ig.  22.12  (J>J, 


f  -  lHtSmnah 
Undamped 


j  =  -of  Li  Coshrt  *  H  sinhrt) 
t  Overdamped 


fm 


e  \ 

-1  $ 

(.fjuftiitufUjwrf 

Fi«.  22.12 


Capital 
Dumping 

M 
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The  exponential  lemi  which  accounts  for  the  decay  of  oscillations,  is  called  ihe  dcca> 
nr  damping  factor  or  merely  decrement,  ll  makes  each  current  peak  a  definite  fraction  less  than 
lhat  preceding  it.  The  logarithm  to  the  Naperian  base  V  of  the  ratio  of  peaks  one  cycle  span  in 

lime  is  n//  =  /?/2/L  and  is  referred  to  as  logarithmic  decrement.  The  frequency  of  damped 
oscillations  in  given  by 

n  ^ 

/=,/—-  ;  and  is  called  the  natural  frequency  of  the  circuil 

D  Lt  ti- 


ll 


R:       I  1 


(  asc  .V  Hi[>h-li>vi  Circuit:  — t  >  TT:*-*-  overdumped 

41."  i-.t 

ln  this  case,  ^|  and  A.-,  will  he  pure  numhers 


H"  I 

A,  -  —  +  J  —  =  -ti  +  7  and  y ,  =  -a-y 

2L    y*L2  LC 

Now  f "  =  sinhyr  +  cosh  yr 

f"*  =  coshyi  -sinhyf 

/,  =  p-"'  {( A,  +  A3 )  coshyr  +  (t[  -  k2 )  slnh  yr } 

or  i(  —  e~"'  { A  cosh  yi  +  B  si  nil  ) 

A  [>  ptt  liS  carve  of  this  equation  is  shown  in  Fig.  22.12(fJ 

RJ  I 

Cast' 4.     -  7  -    —        1 'ri(U'jil  Flunipiiiff 

In  this  case,  K,  —      —  —  — 
2L 

Hence,  equation  <iii]  is  reduced  to 

r-,=lftt +*,<)*•  »       f,  =  I  ft,  +  tjiJr" 
h  ls  a  ejLse  of  critical  dumping  because  current  is  reduced  lu  almost  zero  in  the  shortest 
possible  time.  The  above  equation  has  been  plotted  in  Fig.  22.12  Id). 
Hence,  sve  can  summarize  as  follows. 

1 .  Transient  curreni  is  an  undamped  sine  wave  if  H  =  0 

2.  Transient  current  is  nun-oscillatory  if  R  <  2-JTTc 

3.  Transient  currenl  is  non-oscillatory  if  R  ifEJc 


4.  Critical  damping  occurs  i 

I  \ ample  ZL'J.  A  >  \\i   cajKicitor  ix  discharged  uuldcnly  through  u  ct>il  Inning  tm  imlm 

tance  oj  2H  tmd  u  resHtaticr  nj  2tH>  il.  77ir  cuf/uciior  a  initially  churned  Ut  ti  voltage  of  10  \ 
Find 

tai  an  etpwxion  for  the  current 

thl  tin  Additional  rCttSiitiHr  fn{torn}  In  \ii\  f  cfirmd  iltlinplilx- 

SiilutHin.  Since  there  is  no  batter)  or  generator  in  the  circuit  flJig.  22,13),  the  steady -stale 
current  must  be  zero,  ll  means  thai  resultant  current  is  simply  the  transient  current. 
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t=ti 
200  £1- 
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Valued"     2jLtC  =  2^2/5x10  " 
=  1265  n 

Since  ft  -c  2^  L/C  ■  die  circuit  ii  originally  oscillatory, 
(a)  the  expressing  for  the  transient  cumm,  therefore,  is 

*  sinftiv  +  Gl 

where  a  =  R/2l-  -200/ 2*.  J  =50 


in 


1  ft 


-  =  JlOO,(KX)-25{Kl  -  radA 


,r  =/ine.-™'sin(311^  +  *>=/  ■■■<'> 
Two  initial  conditions  arc  known  from  which  fIK  and  $  can  be  found  (a.)  at  J1  -  Bj  r  =  0  and 
at  i  =  0;  i-  -  10  V.  Applying  condition  ia)  to  iiq.  0").  we  get 


0  =  /m  sin<(t.  hence  $  =  O 


_-50r 


sin  3 123? 


Uil 


Naw,  at  i  =  fj,  the  voltage  across  the  j'ptoyH'fff  must  be  Id  V  because  the  current  in  the. 
resistance  is  aero. 

ta         i la / ^  =  m  v       ,-.  Etf/A>ji M  =  10/  l  =  5  a/s 

Now.  from  equation  [nk  we  have 

"M"  sm 3 1 23f  +  3 1 131, „t--™'  cos  3 1 2Jr 


Putting  <  =  0.  il  becomes  Ulttd()tAi  =  3123V  „ 
Protn  equation  (ii'i),  we  have 


312.3/  ..  -5 


V,„  -  5/3123  =  0,016  A 


Hence,  (lit?  general  expression  lor  the  current  becomes 

i  =  O.Ulft  <--fW  sin  3 1 23* 
It  is  roughly  plotted  (the  first  lew  cycles  only)  hi  Fig.  22,13  (b). 

<f»  Critical  damping  ts  achieved  when  ft  =  2iflJC 


5  xlO"4  =  1265U 
Additional  resistance  reqd.  =  1265  -  200  =  1065  il 

Example  22.10.  A  Jomptui  awillation  ha*  the  ft/tuition  f*  M)e~"lf  PMf  rt2S/.  Fid  the  MMfc- 
her  jjjf  asalhitioii',  h  Arc*  PCTW/l  ftgiwv-  IV  amplitude  of  rise  tmWulititu  decays  to  1/fOdi  of  ax 

\W\laui(H-tl  i  rjfrh- 

Sohrtion.  Undamped  amplitude  =  51)  A 

I /1 1Mb  amplitude  a  CL/IO)  ¥  511  =  5A 
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Let  the  lime  required  fur  this  decay  he  r.  Now,  ihc  decay  of  (he  peak  of  the  oxcillulions  is 
given  by  the  term  ^tv-1"' 

5  =  SOe,"10'  .-.  r,""'  =  U»  or  HI/,  -  logA1"  -  23  tog!^  =  23 
/(  =  0.23  second 
Frequency  of  oscillations  =  b2X/2n  «  100  Hz, 

Hence,  llit*  number  of  oscillations  which  occur  before  the  amplitude  I  alls  to  I  / 1  ( >Lh  of  lUs 
undamped  value  is  =  0.23  *  100  =  23 

Example  22.11-  //'  (fl  ftff.  U.M  ti  fc/wri  «.'««  u;  u  intuit  mitt  kid  X.  wiuti  \\\>idd  he  iht- 
vtttuiiii  -it  the  break'1  ft  tuiiv  I*  u.wtwnrJ  that  ptinr  tt>  die  break.  stetu/\  fiuutitumx  existed  its 
the  i  rn  tut 

Solution,  Steady-state  current  through  the 
induelitnce  -  I20/W  =  2A 

[Energy  stored  in  ihc  inductor  prior  to  the  break 

=  -U:  =  -x  12x10  'x4  =  24x  IU  *J 
Energy  initially  stored  in  the  capacitor 

m  -CV;  =-  x  10"*  *  U01  -  72x  If)"*  J  =  O-practicallv  Km.  21.U 

2  2 

When  Lhe  break  occurs,  the  energy  stored  in  the  inductor  is  transferred  to  the  capacitor.  If 
loss  of  energy  during  first  transfer  is  neglecied,  then  maximum  energy  stand  in  ihe  capacitor  is 

=  20  x  I QT3 1  :  ~ (-"V";  =  24  x  10"' 

VM  =  JlxlAvUr'xW*  =  2.1  w  V 
Minimum  voltage  ucn*.s  the  break  is  =  2140  +  120  =  2310  V 

The  voltage  would  be  oscillatory  because  llie  energy  alternates  between  the  inductor  .md 
capacitor 

Frequency  oi  voltage  oscillation  is 

/-  \l2nJijC=  I05  <2tix4u  =  14.530  Hz 

Decay  or  dumping  factor  n  ^  Art-  22.HI.  Case  2 

Here.        a  =  RilL  =  60/2  *  12  *  10  -  =  2500  ,-.  damping  factor  =  (  WW 

Hence,  voltage  across  the  break  is 

=  1204- 2 lyO"-"2**'  sin2-rxl4j(ttf  =  120  +  2lWe"njif|ni  sm9UWr 

T^iU-rial  Problem  No.  211 

1-  Deduce  un  expression  lor  the  growth  of  current  in  an  inductive  circuit.  ■ 

A  15-H  inductance  eoil  ol  10  il  resistance  u  suddenly  connected  to  u  20  V  d.c  supply,  Calculate; 

t«)  the  initial  rue  ol  change  of  current  [tit  the  current  alter  2  second 

il  l  The  rate  ■>!  change  nt  current  ifter  2  secund   o/i  the  energy  stored  tn  the  magneto:  field  in  this  lime 

Irl  lilt  energy  k*,i  as  heal  in  thu  time  t/i  the  time  cunstanl. 

|tul  US  AA  (M  1.47  A  it)  (U52  AA  u/i  Id  J  Joules  u  i  i<>-5  jmiie*  if)  1J>  s| 
A  eircuit  Lunsislmg  uf  a  21)  il  rosi-slur  in  senes  with  u  0.2  II  inducluf  h  supplied  from  2fXI  V 
(r.nisi  5d  Hi  lit.  mains  Deduce  equation*  showing  bo*  the  euneni  varies  with  nrne  if  the  supply  is 
suddenly  switched  on  In!  al  the  instant  when  the  voltage  is  zero  if'i  al  the  instant  when  ihc  voltage  is  U 
minimum 

Hnl  4.11  e  l"+  A32  sin  tJN  I  -  70  Ift't  A  Ifrt  -  1.245  c  '**  +  4JI  cm  43141  -  TT  lfi'l  A| 
3.  A  circuit  consisting  of  a  20  Q  resistor,  20  mH  inductor  and  a  KX!  pF  enpaeitor  in  series  is 
connected  m  a  2UI  V.  d.c  supply  The  capacity  is  initially  uncharged.  Determine  the  equation  relaung  ihe 
inciiununeuus  cuiTent  to  the  time  and  find  the  maximum  invtanlunoiis  tunent 

|I20  r*"sin  5(MI  it  \:  <>M  \] 
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4.  Find  an  expression  for  the  value  or  current  ai  any  instant  allcr  ii  sinusoidal  voltage  of  amplitude 

bUO  V  ai  SO  Ht  is  applied  Id  a  series  circuit  of  resistance  IU  ^  and  inductance  tt  I  H.  assuming  thai  voltage 
is  icm  at  the  instant  tjf  switching.  Also,  find  thr  value  of  transient  current  nt  /  =  0,02  *cumd. 

|-  15.14  -\;  117  VI  l&trtm-  CirrM*  und  Firitlx.  Qtqtam  Univ.  flWS) 

A  -Hill  refi.Miir  and  a  SO  |i  F  capacitor  are  connected  in  series  and  applied  with  mi  alterrtutmu 
voltage  i'  =  283  sin  314  I.  The  supply  is  switched  on  al  the  inMant  when  the  voltaic  is  fero  Determine  ihc 
expression  fur  the  instantaneous  Current  at  time  I,  \~  J.lHe'5™*  +  J.7ft  .sin  ij  14  I  +  57  *tl'il 

6.  A  d.c.  voltaic  uf  100  V  is  suddenly  .ipplieJ  ta  a  circuit  consisting  of  n  ItXl  Q  resistor.  ■  (I.!  H 
inductor  und  a  1(10  |i  F  capacitor  in  scries.  The  eapaciloi  i-  initially  uncharged  Ohlmn  the  equation  which 
shows  how  Ihe  cnpurilui  voltage  vanes  widi  lime.  [|U0  -  1 15-*  f  ***  \kn  l8tA  I  +  |  FJ  \  i| 

7,  The  voltage  v  =  200  sin  3Ml  is  suddenly  applied  at  I  =  0  to  a  circuit  consisting  of  a  It)  q  resistor 
in  series  v,uh  a  OA  H  mductut.  Deduce  ait  equation  show-nip  how  the  current  saries  with  lime. 

i5.7K  f""""  +  tp.Wi  sin  (314  I  -  72  2(1'  i| 
H,  A  20      resistor,  a  0.01  II  Inductor  and  a  1(10  p.f  capacity  art!  connected  In  scries.  A  d.c.  voltage 
of  1IX)  V  is  suddenly  applied  to  the  circuit.  Ohluin  Ihe  equation  showing  how  the  current  through  the  circuit 
varies  with  time.  Rnd  the  maximum  current  and  the  time  at  which  it  occurs.  |  iO"1  e'lm:  3.r»?  \:  n.iKU 
second  1 

9,  A  4  -  it  I-  L-apacimi  is  niitiull>  charged  to  Km  V  Ii  is  discharged  thiough  u  I0U  mH  inductance  and 
a  resists  in  KTieS- 

lui  find  the  frequents      ihe  discJnuge  il  ihe  resistance  is  zero. 

tit i  how  many  cycles  at  the  above  ["requcikv  will  utcui  before  the  discharge  oscillation  decays  to  1/10 
tif  [ta  initially  value  if  Ihe  resistance  is  I  Q , 

Ii  i  Und  Ihe  Baltic  of  the  resistance  which  wuuld  just  prevent  oscillatjoris, 

lis  I  7%  Hf  \t»  3hJi  |d  KM  U  1 


Transient  disturbance  is  produced  in  a  circuii 
whenever 

tut  it  is  suddenly  connected  or  disconnected 

from  the  supply 
lb)  il  is  shorted 

1 1  l  iK  applied  voltage  is  chanted  suddenly 
((/)  all  of  the  above. 

There  are  no  transients  in  pure  resistive 

circuits  because  they 

tuj  offer  high  resistance 

i hi  obey  Orun"s  Lu 

[el  have  no  Stored  enerev 

il/.i  ai'e  linear  ctrcuttK 

Transient  L-urrems  m  electrical  circuit  are 
associated  with 

iji  induLlur^ 

ibl  capacitors 

1 1- 1  resisiers 

(if i  both  to)  and  \b) 

The  iransienl*  which  are  produced  due  tw 
sudden  but  energetic  changes  Irtim  one  steady 

stale  of  a  cfreuii      amitlicr  are  culled   

transients. 

i i'u  imitaium  \h\  trnnsiliim 

1 4  i  relaxation  n/i  .subsidence 


1 1>  I  S-22 


In  an  H-L  circuit  connected  to  ait  allemnling 
stnusoidal  volrage,  size  of  transient  current 
primarily  depends  on 

ta)  Ihe  instanl  in  Ihe  voltage  cycle  at  which 

circuii  is  closed 
i  jH  j  the  jieak  value  of  sieadv-staie  current 
fct  the  circuii  impedance 
(d\  the  voltage  frequency, 
Double-energy  trans  tents  are  produced  in 
circiiiti  consisiirig  of 
ia)  two  Or  more  resistors 
i.bi  resistance  and  intlticiance 
•  i  -•■'•'.!  *  i'.    .md  capaciiancc 
Irft  re.sisiance,  induct4ru.-e  arid  tapaL-itunce. 
The  transicnl  current  in  a  loss  ■free  L-(  cir- 
cuii uhen  c veiled  from  an  ac  souicc  is  a^'an 
 sine  wave. 

(ai  over  diiniped         ibt  undamped 
O'l  under  damped 
trfl  critically  dumped 

Iransicm  cuiTcnt  in  an  H-L-C  circuit  is  nscil- 
lainrr  When 


la)  R  =  \l 

wi  zjuc 


Mfi  R=2J7Tc 


U») -jj    ioi  -L    lpi>lf    (Pi-g    (.qi-f    Ifif    (J>-j  ipi-| 
SH1V\SM\ 


23  SYMMETRICAL  COMPONENTS 


23.1.  Inlrodiu  [ion 

The  method  of  symmetrical  components  was  First  proposed  hy  C>L.  Furtescue  and  has  been 
found  very  useful  in  solving  unbalanced  polyphase  circuits,  for  analytical  determination  of  the 


l  ie.  Z.U  l  it;.  M 

performance  of  pulyphase  electrical  machinery  when  operated  from  a  system  of  unbalanced  volt- 
ages and  fur  calculation  of  currents  resulting  from  unbalanced  faults.  According  to  Fortcscue's 
tlveoteni,  any  unbalanced  3-phuse  system  of  vectors  i  whether  representing  voliuges  or  currcnis} 
can  be  resolved  into  ihrce  balanced  systems  of  vectors  which  are  called  its  'tvmmeirical  enmpo- 
mills'  In  Fig  23  1  (#1  I*  shown  a  set  of  three  unbalanced  voltage  vectors  If.,  V  and  \'c  having 
phase  sequence  A—tfi—tC,  These  can  be  regarded  as  made  up  of  the  following  symmetrical 
components  - 

(/)  A  balanced  system  of  3-phase  vectors  (r  ■  ,  V  and  Vfa  having  the  phase  sequence 
A  —>  R  ->C  as  die  original  set  or  three  unbalanced  vectors.  These  vectors  constitute  the  positive- 
sequence  components  [Fig.  23.1  ih)]. 

Uii  A  balanced  system  of  3-phose  vectors  V  and  V  having  phase  sequence 
A  —t  C  —¥  B  which  is  opposite  to  that  of  the  original  unbalanced  vectors.  These  vectors  consti- 
tute the  negative-sequence  components  |  Fig-  23. 1  Cc>l- 

Uiii  A  system  ul  three  vectors  V  ,  Vj*  and  V  which  arc  equal  in  magnitude  and  are  in 
phase  with  each  other  :.<■  \fm  =  Vm  =  Vf1|  These  three  co-phasstl  vectors  form  a  Uniphase  system 
und  arc  known  as  rcrtvscqucnce  components  |Fig  23. 1  (*/).] 
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Henee.  it  means  thai  an  unbalanced  3-pbase  system  of  voliages  of  current  can  be  regarded  us 
due  to  (he  supci-|XKittnn  of  two  symmetrical  3-phase  systems  having  opposite  phase  sequences 
and  a  system  of  zero  phase  sequence  ff  ordinary  single-phase  current  or  voltage  system.  In  Fig. 
2.3.2,  each  of  the  original  vectors  has  been  reconstructed  by  the  vector  addition  of  its  positive* 
■^■quencc.  negative  -  sequence  unci  zero-sequence  components,  It  is  seen  thai 

-vt    -ve  w» 

v;  =  vn  +vn  +  vcn  ...  CfflfJ 

23.2  I  he  Positive  .  sequence  t  nmpmivnls 

As  seen  Lhun  above,  tlie  positive* sequence  components  have  been  designated  as  VA].  VflJ 
and  V'ts.  The  subscript  J  is  meant  to  indicate  Lhat  the  vector  belongs  to  the  positive- sequence 
system  The  letter  refers  to  I  he  original  vector  oi'  which  the  positive-sequence  vector  is  a  compo- 
nent part. 

These  positive-sequence  vectors  are  completely  determined  when  the  magnitude  and  phase 
of  any  one  Of  these  is  known.  Usually,  these  vectors  are  relaied  to  each  other  with  the  help  of  the 
operator  a  ttbr  detads.  please  refer  to  An,  12,1  I  t.  As  seen  from  Fig,  23.  I  il>). 

23,3.  The  Negative  -  sequence  Components 

This  system  has  a  phase  sequence  of  A  ->  €  -4  B  -  Since  this  system  is  also  balanced,  it  is 
completely  determined  when  the  magnitude  and  phase  Of  one  of  the  vectors  becomes  known.  The 
<u\Tik  2  indicates  that  the  vector  belongs  to  the  negative- sequence  system.  Obviously,  as  seen 
from  Fig  From  23. 1  fr), 

VA2  =       \2  =  a  Va;  =  V«  *  •  Vci^  <&M  =  VA7 

23-4.  Tlir  Zcr«  -  sequent-!.'  Components 

These  three  vectors  are  equal  in  magnitude  and  phase  and  hence  forni  whai  is  known  as 

Uniphase  system.  They  are  de-signaled  as  V     \'m  and        Since  these  are  indemicaJ  in  magnitude 

V    -  V   a  V 
All       a»  o> 

23.5.  draphtcHl  torn  position  nf  Sequence  Vectors 

l-tg.  23.2  Shows  how  the  original  vector  V  has  been  obtained  by  the  addition  of  VA  , 
and  V  ,,  The  same  applies  to  other  vectors  V,  and  V,  „ 

For  stmpliciiy,  lei  us  write  VJ|  as      V.  as  V,  and       as  Vn.  Then 

VA=Vi  +  V:  +  Vn  -f'v) 
VB  -  flrfy,  +  «V,  +  V(1  ...  I*) 

L  1  3         ' ' 

23.f»,  Fvntuntion  «f  V  u  nr  V, 

The  procedure  for  evaluating  V(  Is  as  follows  : 
Multiplying  (vj  by  a  and       by  u2.  we  get 

oVB  =  a\y  +  ;j2V:  +  trt^  a:V(.  -  A',  +  oJV,  +  aIVa 

Now  ft3  -  I  and  li4  =  a.  hence 

„VB  -  V,  +  o:V,  +  a\0  -i-(Wi) 

,i-vr  =  V,  +fiv/+  -rv,,  -..<WH) 

Adding  tiv).  (t*Ei)  and  tnn).  we  ga\ 


Symmetrical  L'umfH  utrtu  \ 


777 


V%  +  ^  +  11^=  3V,  +  V,U  +  a  4-^1  +  V0(l  +y +  «;>  =  .1V1 


I 


s/I 


This  shows  (Hat,  geometrically  speaking,  V,  is  a  vector  one-third  us  large  as  thr  vector 
obtained  by  the  vector  addition  of  the  three  original  vectors  t-20"  "»d  ^'cd  120° 

23,7  Fsalnuiinn  of  \  t,  or  \ 

Multiplying  ivii  hv  «/  and  fv)  bv  a'  and  adding  rhcin  to  (ivi  we  gel 

a\  ±  A,  +  J\\  +  <iVir  =  uJV(  +  tfV,  +  H*Vn 

V ,  ♦  u: Vn  t  nVc  »  V((1  +  a  + V I  +  3 V,  +  VM(  I  +  a  +  (r )  =  3V,  Now  ,  I  0 

vs  =  ^  ^V*  +  «  X  +« Vt.  >  =  ^  (VA  +  V„Z  -  1 2CP+VCZ1 20" > 


(  i 

---JT 


+  vr 


17 


23.H.  F  valuation  of  V  l(i  or  \  m 

Adding  (if  I.  h'l  and  ( vi).  we  gel  VA  +  Vfl  +  Vt.  =  V, ( I  +  a+u2 }  +  V, 1 1  +-  a 4 >  +  3VU  =  .W„ 

V()  =  i|V,  +  Vfl  +  Vci 

ll  shows  thai  V  is  simply  a  vector  one  ihird  as  large  as  the  vector  obtained  by  adding  the 
original  vecinrs  Vj.,  v_  tiral 

To  sumniari/c  ifie  above  results,  we  have 

if)  V,  =1  |V„  +a\8  +  aH'r  I    (,7)  V3  - W  +aJVj,  +a\c j    <i,7)  V„  =  i, VA  +  V,  +  Vf  J 

.1  j 

"s  An  unbalanced  system  oF  3-phase  currents  can  also  be  likewise  resolved  into  ils 
symmeirical  components.  He  ace 

lA  - 1,  + 12  +Iq;Ifl  fcfl1!,  +til:  +  ln;lc  etoT,  +ifl 

•Also,  as  before  1,  =  Hi., -»Vl(       =-Hl ,  +<rlft  +<jlf  |;IU  =  ~(1 ,,  +lfl  +1,  I    ..,  ((0 

Ll  shows  that  /  is  one-third  of  the  neutral  or  earth-return  current  and  is  zem  for  an  unearthed 
3-wire  syslem.  It  is  seen  fmm  (ur)  above  Ihnt  f  js  zero  if  the  vector  sum  trf  the  original  curreni 
vectors  is  zero.  Thi>.  fact  can  be  used  with  ad  vantage  in  making  numerical  calculations  becuust: 
I  he  original  system  ol  vectors  can  ihen  he  reduced  to  two  balanced  3 -phase  systems  havi  ng 
opposite  phase  sequences. 

Rvamptr  HA.  i  mil  »n:  ihf  pwinr  mwuiirr  \<iul  :<mfma.\r  scquertft  rcntifirnvnt*  ti{  the 
ftilloHinit  Mft  iff  tiut,'  unhataiH  td  votfagc  ivrttw 

\  ,  =  w^Jtr-,vt  -  .my         =  i>sLt4y 

Ituli,  ,ih  .j/i  ,m  .tf/tn-uiirtih  dui^nim  ht>\\  lilt  •irif'itltil  Irr/cn  ,wJ  f/irir  tiitfrrritl  nftfUi'tifr 

competmUi  wv  foemhii,  ilMntipk's  ur  Klcet  Engg.-  1.  Judavpur  Univ.  I  *JS7 1 
Soluliun.  ui  CnsiliM1- sequence  vLvtors 
As  ■vccii  I  mm  An  1.*  h 

V,  =  - (\ ,  +  a Vfl  +  .1 : Vr  j  =  i.  ( 1 0 Z 30D+fl. 60o+tT  ,l  SZUS"  \ 
3  3 

s  - ( \QZXF+30ZGQa+[S<!:25a ) *  1 2.42+ }\  143  =  1 7.6Z45* 
3 

,*i  \K  =17.6^45°;  VBI  =  1 7.6Z45°xZ  - 1 20°=  l7/iZ-75'J 
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Vt  |  -  17.6Z45'xZ12(T=  I7j6ZI65u 
These  are  shnwn  in  Fig.  23.1  {If) 
lii)  NegatiM'-wqucncc  vrctajM 
As  seen  from  An.  23,7, 

Vj  - +«3Vfl  +  a\\  I  =  '  (10/  W -+(r30Z  -«^+h.15Z14S°  > 

=  -aOZ30c+3OZ-  l80D+l5Z2ft5°)  =  -735  -  /332  =  8.24  Z  -  15fi.2: 
3 

=  824Z  -15626:  VB7  =  8.24Z  -  l5ft.2oxZl20'-  =  8.24Z  -36JT 

Vfj  =  8.24Z  - 1  M>.2L'xZ  -  1 2U°  =  8.24Z  - 1762" 
These  vectors  (ire  shown  inFig,  23. 1  fc) 
ii/ji  /itii  sttjuencr  vuctitrs 

«  1(1  OZW+M*  -        5Z1 45"> )  =  3JB  -  j'4.12  -  5.6Z -  47.4" 
These  vectors  arc  shown  in  Kg;  23.1  (</). 

kxampk'  23.2,  E\pltiw  Hw  iin  imwunmnntui  mfi'W  vj  cwbWtt  WW  (w  H  ">h\'ii 

I  h  k  i  1 1 i 1 1_'  ill,  mines  ol  tin    •  i .  ism  '•  .i  LinnponcniN  n|  u  sv->tcm  <t|  mnLnis 
;,  =  n  -  ii2UA;l,  -  <0  -  i  i(H>A:!„  =    HA)  -  JAM 

w  .(T/ir  .'i. ,  '   HVtt  <Eli-rt.  F.!iRt!-*l  Rnniliin.  I'ni*.  I986t 

SuluLinn.     Ijj  -  0  +  yl  20  =  1 2QZ90° 

Iv  -  ?{)-  /I  (X)  =  1 1 1 KZ  -  63.5°;  Iir  =-109-/56  -  1 1  L8Z  -  I53.5= 
■  ji  l'i<-.iii\i'-<;L,<(LimMH  1 'timpitiiciils 


3  3 


i  ft 


I  ft) 


•KKl-  j5Q) 


=  22.S  +  jUMtf  =  U0.7Z7Sr  l„i  =  M0.7Z78.l°;Ivt  =  I I0JZ-41 .9°;IBI  =  I  l0.7Z198.r 
u':  i  Ni^.ith  i'  -•.uquvnui'  tlHlipiillfrtlS 

»r»nfti  +<riv+«v= Vim.3+ /65.  i) = -6.t + m.i^ia^mf 

I  „,  =  215Z1 05.7^ ;  I  v,  =  22-5Z2250;  lR  =  22.5Z  - 14.3° 
(iV/'l  /.iTii-sequtfiict  ctinHwtiunt 

Ifl  eifln+Iv  +IB)=iftO+  jl20)+(50-/IOO)  +  f-10(J-./50l]=-l&.7-,/H> 

As  u  dieek,  ii  rn-jy  he  found  thai 

■k  ^-Ist^lps+'Itf'%  ='vi"l"IY2+,ir^H!+IB:  +  I(> 
Fxample  13 J,  /,j  </  J-^utsv,  4-ivirr  nvlcnt,  tftf  mmvm  ft  flu-  A  I  m;k/  fl  fkaii 
olwnnui  iiiiiiliiiftis  <>t  LmJiiii>  iu'w  ta  futluus: 

Vuhuliitv  the  [uniliiv.  itciiitjiu  uiid  ^i-rn^fSiiisv  \i\jueii\  t'  currents  in  tin  K  line  ttiut  flu 
tt'tiini  t-urtviit  i/i  l^ic  Urlilrill  i'iWih  f'1' 


\vminrtrii-al  L  urnponr 

Solution,  (ii  The  positive- sequence  omipi merits  t>t  current  m  the  W-line  ii 

3 


! 


2  1 
1H  -3GZl8Hc=(-3(J  +  jO) 


=  25f  I  -jS  l 


'■=5 


50fV3  +  ;)  +  25tl-^'3+) 


-<-3Ut 


</0  The  negative-sequence  cumponenLs  of  the  curreni  in  the  fl-line  is 


V5\ 


I K  MZ24.9D 


'  r r 1 1  The  /icru-scquence-  cornpuneni  ol  currem  in  rhe  A'  line  is 

l„  =  -Ml,  4  1,  +IJI.l  =  y|5fii>/5  +  }  1  +  251 1 -301  =  27.2^4.7° 

The  neutral  eurreni  is 

Is  =  1R  +  1Y  +  h  =      l«  =  3x  27JlZ4/7*=  81.6Z4.7* 

Kvample  23.4.  A  f-fthoxf,  4-nitr  .xvnt'tn  utpphe*  hunt*  whith  are  unequitli\  tlutnhuted  ,m 
the  three  phu>c*  An  Jiw/nii  ol  the  ewnnii  /Anuiiij  in  tin-  di/eeium  of  the  h>adi  in  the  R.  Y  aitil 
B  iitiri  ihan'y  that  irt  lite  R-linc.  the  jftixitivr  phase  u:ipienrc  curreni  ii  2QG  A  urui  the 

m'tutivs  piutsr  \njuttin  current  "  Hk'l  <Z  M'  Thr  total  ubxerwd  tunvtu  flnMni;  Iuuk  to  the 
aipplv  in  thr  tiruirat  i  ooJut  tor  h  JflO  £  Wf  \  <  n/.  uh/te  the  <  tirrrnh  tu  phase  ■  W  mtit;iultnie 
in  thr  three  tints. 

tUwmm?!  thai  thr  JphiiM-  \itpph  vnlui/:e.i  nrr  rymitielrtciit  imii  that  thf  pimrr  fnrrnr  n(  the 
khtd  <»t  the  ti- phase  is  jTfl  Itadins.  t/ttermUtc  Hit  pawti  taetot  ol  tin-  hnuh  on  thr  lni>  other 

pitlltfi 

Solution.  It  is  given  Qui  in  ff-nhasc  [Fig,  23,3  ia)\ 


RM 


!s  =(30O/3)Z3O0D  =  (5O-j86.n)A 


■k  ='bi  *l,K  +  %'(SOO  +  /l>  +  (5n  +  ;m.6)+i50-j8e.6)  =  OrX)  +  jOJ  =  3fK)^):-- 
Similarly,  as  seen  from  Fig.  233  f/i)  for  the  J-phase 

I  y  —  I  y|  -I-  1  yj  +  I  Y0  a  a  ~^  R I         112     '  R0 

-  imzu  - 1 20  4- 1  tX)Z6(I°+ 1 20° 

4-l00Z300D=-100-jl712-l00  +  50-yR6.6  =  -150-j259.8  =  300Z240"  A 
Similarly,  as  seen  from  Fig,  23-3  (c|  for  ihc  B-phasc 

In  =ibi  +  *b:  +  *art  -"Iri  +u:Ipt  +      =  2OOZOD+l2OD+L0OZ6On-l20n+l0OZ3OOD=fJ 
Since  the  power  faclor  of  the  K-phase  is  yfj  /2  leading,  the  current  /  leads  the  voltage  V 
by  301  [Fig.  23.3(rf)| 


78ft 


in] 


'(III 


'll  I 


lM:*\l|il, 

{(/).  New.  phase  angle  erf  /..  is  240°  relative  to  r  so  ihui  f  leads  its  voltage  ^  hv  30'*  Hence. 

pi»wti  I'ik-tui  i  hi  1'  phase  is  also  ^  /  2  leading.  The  power  fttcKtr  of  B  line  is  mdeLerminiiie  because 
the  Lunenl  in  this  line  is  zero. 

Exumplu  Ptuvr  tiial  in  a  J-phiM  gytUiti  if  I  ^,  V,  tuui  V  |  utr  the  Hirer  huluiire,! 

vtitlttifr.)  wluue  ptuiMir  mini  pi  ;ctv.  the  ptuHtyn  mul  fftfOtftW  wqttencr  t  >ntri>,<nritf,  i|MH  h'  fx* 

I  ,   -  j  ^f¥|  I  tMr\Vltt  *  j-^-fV,  +  V,Z-«h|-£-  .V 

i'hmc  stifiifiivt  ts  !  _  J. 

\  wAk'Hj  iw  .?-/>/uj»i  .  iiH<T«fA    i-/iwf ,«  f,  =  w  z/wr,  /.  -  14.N  z  -  </5"  tunf  I,  =  /n 

/  W".  Dtiermhw  {>liti<nt  cxprr.HUHl  fi'i  the  st'tfiH'ttct  >  iiinpi4in'tu\  uj  tlwic  ,  urrenl\   l'hu\c  se 

ipffHC  fi  HiTi.  l-llj-!!-!.  I  lM»>  l!nri  I'JSII 

Solution.  As  seen  I'nini  Art.  23.6 

V,|.  --IV,  fflrVj  +(j*V3):Now,  V,  +V;  +  V,  =  0  ,-.  V,  =  -{V|+y,J 


V„.  =  | |V,  +  u V3  -    I V,  +  V, ) !  »|l Vr  ( I  - <r }  +  V, (fl  - <r )] 


Now.  I  ■ 


tr  =^  +  y—  and  u-u2  =  jV5 
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7X1 


3 


(fi  .1 


=  ^|V.Z30°  +  V,ZW|  = 
>/3 


-j=lV.+V,Z(i(n 


,:'<o 


Similarly,  (lie  negative- sequence  component  is  given  hy 

Vw  =-(V,  +<i1VJ+iiYl)  =  IfVl+</iVJ  -iHVl  +  VJ)J=I|V1fl-ffl>  +  V,lo-'  -oi] 

.1  3  3 

Now, 


V  = 


J_ 


N3  I 


i 


Now  l(  «  l6^l*r=-tG+/);tj  =  U.I4Z-45,:=  10-jlO 
1  =  MZ9Qn=y10 

<jI2  =  14.14Z75°  =  .166  +  ;I3j6«cajI:  =  I4J4Z  - 165"=  -IA66-./166 

d  I ,  =  1 4 . 1 4Z  2 =  -1 125  -  /7d7;a  :J  ,  =  1 4.J  4Z  -  W  =  1 125  -  fl.Vfl 

1 1  „  =  -1 1 ,  +  ol ,  +  u2 1 ( 1  -  j(5JJ  1  +  jS639)  *  1.97  + 


1IN  -  -il,  tfl-lj        |  =  —1-35.91  -  -=-1  LOT- J3L58 

f.(l=^t,  +  iz  +  i,t=o 

InKirinl  I'mhtcms  \u.  H.l 

1.  The  fullo^inj!  currents  were  rctunled  to  the  S.     and  If  lines  of  a  3-ptiase  system  under  abnormal 

condition*;  Mil    W>   VMJ  Y:!^  -5<ML  I4ir  \:l„    I.IHIU.  Mi  \| 

Calculate  the-  value*  nl  the  positive,  negative  and  zero  phase- sequence  component*. 

|l,-«h,     44      A; \.    372.il7l  \:  [„  -  1-15.  23  2(1  [ 

2.  Delcrmmc  the  symmrlrieal  muipoiicni.  of  the  ihrcc  currcnls  /n  =  l(}Z(lc;  l„  =  HKIZlStt"  and 
I,  =  I0ZI  ICr^A  (j(t  =  (311.45  .  j522>  *:     =  (-  2IU4  +  ./22.WJ  A;  i,  =  <-  111  -)2*.\9i  A| 

iEh'it.  Meux  &  Measuring  Imlnt..  kittilms  Univ.  Jutif  W76i 

3.  The  three  current  vectors  of  a  3- phase,  four-wire  system  have  the  following  value*:  I  =  1  +  /|(.  1^  - 
-  12  -  )\1  and  lf  ■  -  2  +  i3.  Kind  the  svmineinual  components.  The  phase  sequence  is  A.  B.T 

|lw  =  -  2J3  -  I .  ■  I 27.75  -  /3.67);  I,  (  =  I-  17j05  -  /1122 >:  I, ,  =  i  -  H>.7  +  0&f  i: 

1^  ■  (0.25  +  j  13.67 »  \:  loj  =  .-  1 1.  'iT  -  )t,M2\  V  l(  ,  =  ( 11.73  -  /?.0?»  A I 
-,V.  iTtlH HHHIialli  i  t  iniipom'iils  nl  (  mmil  uml  Nulling 

An>  eircwl  wlnclt  allows  (tic  flow  id  positive-sequence  currents  will  also  allow  the  llnw  ul 
ncpaiive-sequente  currents  because  ihe  iwo  are  similar.  However,  a  fourth  wire  is  necessary  if 
/cm-sequence  components  arc  to  flow  in  the  lines  of  the  Vphase  system.  Il  follows  thai  the  line 
currents  of  .l-phase  3- wire  system  cun  contain  no  ±cm  sequence  components  whether  il  is  dellfl  - 
itr  star-L-nnnected.  The  zero  sequence  cumpoiiertLi  of  line- to- line  voltages  are  non-existent,  regartl- 
lcs.\  of  the  tk'grec  e$  imbalance  in  these  voltages  It  means  lhat  a  scl  of  unbalanced  3-phase.  lirw- 
tivline  voltages  may  be  represented  by  a  positive  system  tuid  a  negative  system  of  balanced 
voltages,  Tliis  tad  is  oi  Lonsiderahle  iniportuHec  m  lite  analysis  of  .Vplia.se  roiaiing  tnuchinery. 
Foi  cs  ample,  ihc  operation  of  an  induct  ton  motor  when  supplied  from  an  unbalanced  system  of  V 
phase  voltages,  may  be  analysed  on  the  basis  of  two  balanced  systems  nf  voltages  of  opposite 
phase  sequence 
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Let  us  consider  some  typical  3 -phase  connections  with  reference  to  zero-sequence  compo- 
nents of  current  and  voltage. 

•  a*  I  -"mir-Hiri1  Slar  <.  umiectitiii.  Due  to  the  presence  of  the  fourth  wire,  [he  zero  sequence 
currents  may  How.  The  neutral  wire  carries  only  the  zero-sequence  current  which  is  the  sum  of  the 
Tern-sequence  currents  in  ihe  three  lines.  Since  the  sum  of  line  voltages  is  zltu,  there  can  be  no 
zero  sequence  component  of  line  voltages. 

(At  Three-wire  SUir  Connection.  Since  there  is  no  fourth  or  return  wire,  zero-sequence 
components  of  current  cannot  flow.  The  absence  of  zero-sequence  currents  may  be  explained  by 
considering  that  the  impedance  offered  lo  these  currents  is  infinite  and  lhai  this  impedance  is 
situated  between  the  M.ir  points  ol  the  generator  and  the  load  ll  the  two  star  points  were  joined  by 
u  neutral,  only  zero- sequence  currents  will  flow  through  ii  so  that  only  zero-sequence  voltage  can 
exist  between  the  Hud  and  generator  star  points.  Obviously,  no  zero-sequence  component  of 
voltage  appears  across  the  phase  load. 

(r|  Three-wire  Delta  Cnnnvrtion.  Due  to  the  absence  of  fourth  wire,  zero-sequence  compo- 
nents of  currents  cannot  be  fed  Kilo  the  delta-connected  load.  However,  though  line  currents  have 
to  sum  up  In  zero  (whereas  phase  currents  need  no!  du  sol  it  is  possible  to  have  a  zeru-sequence 
current  circulating  in  the  delta-connected  load. 

Similarly,  individual  phase  voltages  will  generally  possess  zero-sequence  components  though 
components  are  absent  in  the  line-to  line  voltage.* 

23.1(1.  Uiihuliinicd  Star  Load  Supplied  from  Untiulanced  llirctvpiia.se  Three-wire  Svstvm 

In  this  case,  line  voltages  and  load  currents  will  consist  of  only  positive  and  negative 
sequence  components  (but  no  zen>sequence  component).  But  load  voltages  will  consist  of  posi- 
tive, negative  and  zero-sequence  components. 

Lei  the  line  voltages  be  denoted  by  V„...  V„u  and  V'    .  line  (and  loadp  currents  by  I  ,  I  and 

Ki        l  H  UK  H  T 

lB<  the  load  voltages  by  V  ,  V  and  V  and  load  impedances  by  Zft.  7-,t .  and  ZH  t  their  values 
being  the  same  for  currents  of  anv  sequence). 

Obviously,  V^-y^  VVN  =  l,Z,  and       -  1A 

If  V      V     and  V  are  the  symmetrical  components  of  V    .  then  we  have 

KIN  I        KN_  II  Km* 

1  I 

V0  =  — < VRN  +  VTO  +  VaN )  -  — tlBZB  + 1 YZV  -t-lHZB> 

-  ^iZpttim  +ikitHrZv(iv,  +  iYiJ+zBaBi  +1^1 

-  ylZ.a^+I^l  +  Zy^l^+^lpjI-i-Znfdl^+^l^)]  , 

<=  iHl.^(ZH+azzY+flXBj+iR1iizlt+fizY+fl2zB)  =  iHlzR2+iRJzl,l  ..in 

-  |[ZRi[f[|  +  lRJ)|+ff2Y<lYi  +  lY2>  +  o1^B(IBi  +  lB2> 

=  IB1  ^(ZK+ZY +Zilj  +  IkrjfZJi+aiZY+aZB)  =  i(l!Z0+IE,ZR2  —  I  Hi 

VR>J2  ~  'jC?Z0  +  lB1ZR| 


However,  under  naluncnJ  UHidilions  iln-  phase  v-^li.iee^  v\ill  pns;es>s  no  /.«0'*oquenif  u'mponniiy 


Symmetrical  Component 

Similarly,    VYN ,  =■  I Y , 7,0  + 1 Y2ZY2  =  ,r  (I^Z^  + 1 R3Zft2 >  -  frVaN1 


7tU 


rHNl 


^yn:  -1vjZ||  +  Iy,Zyj  -(i(JPjZLl  H-I^Zm  l^tfY^ 

Now,  V  and  VRN2  may  be  determined  from  the  relation  between  the  line  and  phase  volt- 
ages as  given  below; 


vry  *  vrn  *  vsv  -  vRN  -vYN  -  vD  +  vRN,  +  vRN,  -rv0  +  vm}  +  vYNJ] 
u Vmv~£  >*  \V(  i  -  *)  - 1  J3[Vj,ni  ( 4i  +  yi>+ vRN,  ( Ji- j\ )  i 

VYfl  =  V¥N  +  VN},  =  VYIJ  -  VHN  -  %  +  V¥N]  +-  VVN,  -  (V0  +  VBN|  +  VMH:  j 
Substituting  ihi<  wiJuc  "1  V"kS,  in  bq.  ih'f")  above  and  simplifying,  we  have 


(«0 


1 10  i 


equations: 
I 


Having  known        and         the  currents  I    and  I„,can  be  determined  from  the  following 


*1 


''rnjZrj  1 


1  RJ 


Z|i  -  ZB|ZRn 


Alternatively,  when  I    becomes  known.  1    may  be  found  from  the  relation 


...  (ttl) 
urnl 


'The  symmetrical  components  of  the  currents  in  odicr  phases  can  he  calculated  from  IK|  anil 
I    by  using  the  relations  given  in  Art.  23.8- 

The  phase  voltages  may  be  calculated  by  any  one  of  me  two  methods  given  below: 
[ii  directly  by  calculating  the  ptoditcts  L2L.  l,Zy  and  I  /. 

Hi)  by  iiisl  calculating  the  zero- sequence  component  V  of  me  phase  or  load  voltages  and 
then  adding  this  to  the  appropriate  positive  and  negative  sequence  components. 

rwc*amp!c,VH>- V  V»,<  V. 
23.11.  UribrillHWd  Slur  Loud  Supplied  Troni  li  ilami-d  Thrce-phiLSC,  Three-wirr  System 

It  is  &  special  case  of  the  general  case  considered  in  Art,  23.10  above.  In  this  case,  the 
symmeirical  components  of  the  load  voltages  consist  only  of  positive  and  zero-sequence  compo- 
nenis.  This  feci  may  be  verified  by  substituting  the  value  of  V^in  Eq.  n  >  of  An.  2.1.1(1.  Now.  in 
a  balanced  or  symmetrical  svsteni  of  positive-phase  sequence 

■  i  .S) 


v  =  v 

TKY 


Substituting  this  value  in  Eq.  (i  J  above,  we  have 
I 


V    +  —  V 


1  J'2 


1 1  -  i&) 


7JM  btrctruol  Technology 

Hence,  substituting  this  value  of  V      in  En.  (fir)  and       of  Art.  2.1,10,  we  get 

ZR  +  Zy  +ZT| 


ZRZ¥  +ZyZH  +  ZnZB 


...  (/> 
07) 


...  <i«J 

Z]^  +  Zy  +  Zg 

Example  23.6  illustrates  the  procedute  for  calculating  the  current  in  an  unbalanced  star- 
connected  load  when  supplied  from  a  symmetrical  three- wire  system, 

1  vumple  13,tu  A  symmrtruitl  hphOM  .f-n-m-.  4J0-V  tgtttlQ  mpnhvi  an  mihahim  at  \ 

t&mmi  k^^lmfttdmet*  z#  -  5  <c  -•><>"  S2  z>  -  in  ^4?  q.  Zfl  =  !(>  a  Phase 
^t■l/l^^';fl^  i.i  ~» f'  -+  ft,  (.\jirnl<iir  in  the  rrrtttit)>tit:u-  OMpiii  form  thr  synmirtrirul  tvniptmeiitA 
iif  i(>t  i  nrn:nS\  in  ilit  K-hn<:  i  kiwi.  l.tiRR.-l.  Hnmba>  llni>.  IMH5> 

Sulutiim.  As  shown  in  Fig.  23.4.  the  branch  impedances  are 

ZR  =  5Z3t)°=i4.33  +  jlSyil 

zy  =  ioz4sa-i7,o7+ pmya 

ZB  =  IOZ60°=(5+  /8.6fi>Q 

«ZV  =  IOZI65C=JCK-0.%6+ j0.259(  =  ^.ft6+j2J9Ui 

<i2Z  v  =  1 -  75°  =  10(0,259  -  jO.966]  -  259-  p.bb 

aZH  =  K)ZI8rf=(-IO  +  /0) 

rrZB  =  IfJZ-60D=  ](H0.5-jO£G6,  =  (5-j8M} 
1  ''A-  The  symmetrical  component  impedances 

required  for  calculation  purposes  are  as  follows; 

Z,j  =  ^  1 Z  k  +  Z  v  +  ZH )  =  -  { 1 6,4  +  yi  8.23)  =  1 5,47  +  ;6 .08)  £1 


^Rl  _ 


+ZY  +<j2Zb) 


-(4.33  +  J25-9.66  +  /2.59  +  S-  /8.G6) 


>i  A'. 


-H).33-j3.57)  =  -0.11-  |11S 
3 


ZR3  =  —  fZB  +e2Zv  +oZB) 


-|  1 4.33  +  /25  +  159-  j9.6&  -  10  +  /()  t  =  I  (-3.0K  -  /7.I  6 1  =  -U13-  fi§S 


Z|j  ZriZr^  -  —  (ZRZy  +ZyZg  +ZgZR) 

=  ^L50Z75J+  L00Z1  05°+50Z90a  I  =  1-431  +  j65) 
Let  V^y  be  taken  an  the  reference  vectors  so  ihui  VRV  - (440  +  JO) 


S\ inmvtrical  ( 'ompa»ent\ 


78? 


Then.  VVN ,  =  i  V*,  -  h~  Vv,  /  J.l  =  ^ 440  +  /h  -  j  1  (440+  jO) /  ^3  =  ( 220- j\ M 

No*      ]     -      VSNi-Zn  (22U-J127)».47  +  j60»)  _         +  j643_ 

(Zrr-Z„  ZR;I  1-431  +>5) 

2088Z180 


66.4  zylB" 


=  31.6Z  -75.8**  f7.75-  ;3(>.fi)A 


_  -(7.75-/30.61  [-0.1  l-yl.19|_  137.25+^5.88* 
(5.47+  ft.0S>  ~  (5.47  +  ./608) 

17  7^Z9° 

=   =  4.6IZ-39°=(328-y2.66iA 

8.!KZ4«C 

Hence,  the  symmetrica]  components  of  lR  are:- 
Posilivc-scqucnce  component  =  (7.75  -  /30.6)  A 
Negative-sequence  comporicnr  -  (3.28  -  fl.fiftf  A 

in)  Symmetrica!  components  of  other  currents  are 

J  1 

lY  =  ii ' I |  and  lT;  =  t/l :  ljn  =i/lni  and  I6j  =e)  TBj 
Example  23.7.  1  lidanceii  xtnr-i onneeted  load  lakes  75  A  from  ti  baiitniTtl  *-pttn\e.  4- urn' 
MW'^  <>t  thf  \iif)(il\  Uney  UK  removed,  find  die  xyviowirienl  tum{*inent.\  nl  ih> 

line  rurrrntx  before  and  after  the  fwnt*  are  t  taunted. 
Solution.  The  circuit  is  shown  in  Fig.  23.5. 

Before  uses  art*  rvnum-d 

I„  =75Ztr:lY  =75Z-l2fr:Ie  =  7SZl20n 
I^lflp+aJY+o1!,,^  -  f75ZO°+75  Z0V7  5Z 360* )  =  1 SZ  0*  A 

I  j  =  -II  „  +  u1!^  +  ulB  J  =  -(75Z0°+75Z  1 20a+75Z240°  I  =  0 
3  3 

[rf  =  1(1^  +lv  ^-IB)  =  J- (75Z0D+75 £  - 1 20°+75Z 1 20°  J  -  0. 
After  fuses  are  removed 


I 

1,=    (75ZCtD+0+Oi  =  25Zrp 
3 

l2  »25<£0°.l0  =  25z0° 

Example  23.8.  l:\plam  die  terms:  pa.mirve-,  nexainv-  and  zentsequerue  rempwieni.)  "I  a 
,f  phase  voltage  system.  A  star-anmeeted  load  et>n\tsrs  of  three  ei/iuil  reunion,  raeh  af  I  & 
resistance  When  fkf  iottii  is  connected  to  m  wtssnunetricttl  A-phate  supply,  die  line  ivrttwtej  are 
20W  y  Mn  V  and  4m  V. 

f-'ind  rltr  niMgitituttr  i'f  thv  itnrrni  in  my  one  phase  fr\  ilie  mrduitf  of  \\tnmetncal  r tmpo- 
nen ts  <  Power  Systems* II,  A.M.i.K. 

Solution.  Tins  question  could  be  solved  by  using  the  following  two  methods: 

ia)  As  shown  in  Fg.  23.6(a).  the  line  voltages  form  a  closed  righi-anelcd  mangle  with  an 

angle  =  mn-'<34fi/ 200)  =  tan"1  (1.732)  =  60° 

FklK«,  if  V„  =  200  Z      then  V=  34fi  Z  -  W  =  -j346  and       =  400  Z  120". 


7Sf. 


As  seen  Imm  £q.  {iv}  and  [v\  (if  An.  23, 10 


ANl 


I 

'l 

=  3 

200+ 

-+  j  — 

2  2 

i  i 

(-/346) 

^  166.7  -y57.7 


V     =  - 

3 


9  7 


£-#46) 


=-33.3-/57.7 


N»w.  ZA+ZB+ZC  =3 

ZA,  -  ZA  +£/Zrt  +d?Z(.  =  0  (because  ZA  =  Za  =  ZC  and  l+a+a2  -  0  I 
Similarly.  ZA1  =  ZA  +a:ZB  +  aZc  =  0 

Hence,  from  Eq.  (iff)  of  Art.  23.10  we  have  VAM  =  1  At^n  ■"-  'ai  ~  '^u 


Now, 


Zu^(ZA-*-2B+Zcl  =  3/3  =  lfl 


r  =  1 1 66.7  -  J57.7JA 


-«  -  =  -  33.3  -,57.7  rt  lA  .  IA|  +  1„  ( v  to  -0  ) 

rA  =  <  1 66.7  - ./57.7)  +  (-33J -j57.7)  -  1 33,4-  jl  1 5.4  =  1 76.4^-40.7*  A 
Using  Mi  11  man's  theorem  anil  taking  the  line  terminal  4  m  relercfice  point,  the  voltnge 
between  A  and  the  neutral  point  «V  is 


Vna  .  VY,  *  =  200ZI8r*1  +  400Z)20°*l  ^ 

+  Vtt  +  Ye  3 


VAN  =  1 76.4  Z I         I  S0fl  *  1 76.4Z  -  40.7°  ...  |  A  =  I AH  fZ  =  1 7MZ  -  40.7°  ...  as  before 
l.\;tmpk-         !<■■>■  -  .  iff«</  im)n-tlurtcf\  Hj  \K  +  /Oi  «#»•  MWWPWtf  w  star  afmss  a  A-/iluise., 
<-u,re  \ti(tpi\  Tit,  ftluisr  roittii>i..\       l'^  =         +  jf>J.  I"   =  f-  |32$  tun/  V'(.  ■  I-  HJ0  +  j'22(/f  K 
//'  thfff  is  mt  t  otmvaiim  fa  twven  tin  Itnul  neutral  ami  lit*  sitpph  m-unal.  raiculute  the  syw 
Mt'trirttt  ntnu'inuw'  <'!  A-fffai.it'  ftt/renr  find  the  three  fair  utrrenn. 

SulMlhm.  Since  there  is  no  fourth  wire,  there  is  no  zero-component  current.  Moreover. 

lA  +  IB  +1C  -  [>.  Hie  symmetrical  component*  erf  [he  A-phflie  voltages  are 


Si  inmitrucit  l,tmpinti»t\ 


7H7 


V„  =    (22(1  -  j22U- 1 00  +  /220)  =-  40  V  * 


V*f  - 1[220  +  f-0,5  +  j-(I.RfirtK-j,"2aO}  +  (-05-  yfljififi  tf-1 00  +  ;220)| 


=  /8G.r>t|  =  [220  +  ,/2&.9}V 

Va;  =!|220  +  <-OJ-ja«66>(-j220HI-0.5+  /0.866X-I0O  +  /220l| 


s  -(-120- jSfi A t  =  f^tO -  J28»)  v 
3 

The  cnmponenl  currents  in  phase  A  are 
VA,       220+  /289 


(8  +  /6)      l»  +  /6> 


=  <l933-yi(I.K9)A 


U  ^l^i  +1*2  ^<  !4  4-yiaSlA:lB  =Ia,  +BB2  =  fl2IAI +uIA, 


—  -j—  (19.93- jum>  + 
1  7 


i 


(-4.93-/(1.09) 


LvumpU  23.10.  7uu  impedance  anm  AB  and  BC  art  VOUMK'ted  ft  file  tcnmmih  V  H 

C  i<f  ti  J-phttu  Mipph  m  slumn  in  f~>i>.  2X7.  htch  Ltipwitor  lias  a  tetutatm  <>l  X  -  v'  ;/,'  A  hmli 
impritmuf  vtdimeler  V  i,\  nmttfrtfd  tw  the  ctrruit  at  pnatt.x  P  ami  Q  as  \hav\n  I)  itt,  \npph  liiit 
voltage*  Y  V(  A  art  halttmed.  determine  the  trmting  uf  the  voltmeter  (at  when  the  phase 
sequent  e  al  the  \upph  Vutlam  /,  —  <;~  un<i  >'•>  when  'he  phase  \equeme  n  mYrwd 

Hen- <    i  \}i\ani  htm  tint  net^t-ii  itmld  he  employed  la  measure,  rrsperlieelx,  the  pi'ulive  and 
Htffutnr  pha\e  \tauenir  vaha\t  umymnent*  •>!  an  uubtdaneed  J-pha\e  wpply. 
Sffhiiimi.  xhe  various  currents  and  voltages  are  shown  in  Pig.  23.7. 

9  /  "  /  3.  Phase  S«iuf  ntT  A  BC '  , 

J*  Taking  V^H  as  ihe  reference  vectur.  *i-  have 

vA9  =  V(\  +  joy,\K  fcjr^riVok  =  aV 


Alt 


11 


1,  =t 


4B 


'IK 


As  seen  fmm  the  diagram. 


<2> 


3/r-  SfiiS-j} 
Now.  Vm  +  Vog  =  VTO 
Also.  Vpy^l^ft-jJO+lBc-Z* 


KiE.  13.7 


I  liiHcver,  il  ii.  not  required  in  Ihc  pmhli'm 


7NN 
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-F  7=  JfffJ-  /V3>+    r-  °  X  Jtf 


i  £1 


2    J  l 


JW3-/1I  ^ 


Hence,  the  voltmeter  which  is  mil  phase  sensitive  will  rend  the  line  voltage  when  phase 
sequence  is  ,4     b  -» C 
I'hiLvi-  Sequent  r  ACH 

In  this  case.  VAB  =  1/<1+J0):  V(:A  =Jir*V 

Also.  V,., ,  =  VK-,  fr  Vpg 

V  r  V  r~  f 

( I  -  jfy3  +  2d)  =   _   i—  (I  -       - 1 4  jji)  =  0 


V3W3-  /}  </3W3-yi 
Hence,  when  the  phase  sequence  is  reversed,  the  vo  lime  lei  rend',  /em. 
It  can  be  proved  thiit  with  ifiqUCGCe  ABC  the  v*  ill  meter  rends  the  positive  sequence  compo- 
nenl  (V,)  and  with  phase  sequence  ACS,  it  readii  the  negative  sequence  eompnneni  (VjJ  Willi 
phase  sequence  Aiir 

V«*  VV    (/?-  /V3Jf)  ♦  ^^2K-  U*ft*  +V.KI- jV3)+2(fl!V,  +  uV.>| 

3K- jy5.fi  iR-jfin  3-/s/3 

=  — !-^[V1l-j>/3t2fli'i  +  V;(l-^  +  2a)|  =  U-V.f-jZ^l     .-.  %*-V, 

3-jV3 

Willi  phase  sequence  AC£? 

vK1  =  — -p|(V,  +  von-i^i+^flV,  +n1voi 

3HJMI 

■ 

=  — ^rvvi-yVI+^t+VMi-yVa+V)] 

3*jfy3 

=  ^— ^rV>l-j2^3)|  .,  F,v  =  Vj 

23.12  Mi  asuri  im  nt  id  Symmetrical  (.'onipnneiits  id  lireuits 

The  apparatus  consists  of  two  identical  current  transformers,  two  impedances  of  the  same 
ohntic  value,  one  being  more  inductive  thpn  the  olher  to  the  extent  thai  its  phase  angle  is  ft(f 
greater  and  two  identical  ammeters  Af  greater  and  two  identical  aruinelers;  A  and  A,  as  shown  in 
Fig.  2.1.8  tffi,  It  can  be  shown  that  /V,  reads  positive-sequence  current  only  while  *£  reads  nega- 
tive-sequence current  only,  IT  the  turn  ratio  Of  lite  eurrenl  iratislbnucr  is  K,  ihen  keeping  in  mind 
thai  zero-sequence  component  is  zero,  we  have 


Symmetrical  ( timponenn 


78l> 


~7 


jB    t    1 M   L  IS 


MmmrH 


"TOM" 
ft* 

•-0- 

.W  /  Ammeter 


where  l(  and  L  an;  the  positive  and  negative- sequence  components  of  Llie  line  current  respec- 
tively. 

'  Similarly. 

I,,  =  I  >,  I  K  =        +ila  U  H 
If  the  impedance  of  each  ammeter  is  ff,+  jK.t .  then  impedance  between  points  B  and  D  is 

The  value  '.'I  /.  is  -ii  chosen  [hut 

Z  AC  =  Z+ RA  +       =  I K  +  RA  +  /.Y,  )Z6U°  =  ZBIJZnO* 
For  finding  the  currenl  read  hy  Ar  imagine  a  hreak  at  point  A\  Thevenin  voltage  acn>ss  the 


break  X  is 

Toial  impedance  is  .series  with  this  Thevenin  voltage  is 


\„  -  »„ZAL ■  +Iu2bo  =  'h»BU  ^  IfcZBD^+IoZjo  =  H(,ZWr+l„  iZ,t/( 


The  current  flowing  normally  through  the  wire  in  which  a  hreak  has  been  imagined  is 


I 


I  J,<lZ-W+|}+J,(]ZiHOa+l)  I, 

—  j_  £   -  —  Z.  -  fn.1 

h  means  that  A.  reads  positive- sequence  current  only.  The  ammeter  .4,  reads  current  which  is 
-  l4,  +  lfr -!  =  -!/>  +  /,  +/,Z240D+/:Zl20D-/,i;-G<r  l 


/,(,   I    .^3    l  M\ 

—  I  ;  +  j  — 

K       2       12  2 


K  K 


In  niher  words.      reads  negative-sequence  current  only. 

Now,  n  will  be  shown  that  the  reading  of  the  moving-iron  ammcier  of  Fig.  23-8(/i|  is 
pnifiortional  to  the  zero-sequence  component. 


3  3  {  K    K    K  J 


1„  \ 


.   x  feun-eni  through  the  ammeter!  =  —  x  ammcier  reading. 


7*1(1 


Llectrkai  I ech  natttgy 


Tt  is  obvious  ihiii  for  I  to  be  present,  the  system  must  he  3-phnse,  4-wire.  However,  when  the 
ftjufth  wife  is  available,  then  t(i  miiy  be  found  directly  by  finding  the  neutral  current  f^.  In  that 

case  lM  =  7/*. 
j 

23. 1  A.  Mwisuremfnl  <»f  Positive  and  Nqg»livi--sirqu*:in*  *Vcd<nj"cs 

With  reference  to  Fig.  13 Si  in),  it  eati  be  shown  thai  ihe  ihree  vOltepetBrs  indicate  only  the 
positive-sequence  component  of  the  3 -phase  system. 

a 


The  line-ti>neutral  voltaee  can  be  written  (with  reference  to  the  red  phase)  as 
V  =  Vj  +  V\  +  Vft:\m  =  a-\t  +  dV;  +  Vri;  VBN  =  a  V,  +  a J  V:  +  V() 
%  =  %  +  VNY  -  VRN  -  VVN  =  1 1  -  a- ) \,  +  ( I -a)  Vz 
Vya  *  VVN  +  VMH  -  V¥N  -  VBN  =  (U-  -  a)  V,  +  (a  -  us )  Vs 


V     ,  V,ttf  ^IQcoC) 
rv     f/?  +  r  +  l/;a>C) 

(r+IO(uD 


V  = 


V,,./V 


V  - 


A" 


1r+  1/  ,/eoC  1 


The  different  equating  erf  ibe  bridge  circuit  are  so  chosen  that 


=  -a  --  +  J—  or  W=r  +■  +■ 


.fir 
-+ 1 — 

Equating  the  /-terms  or  quadrature  terms  on  both  sides,  we  have 
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Similarly,  equating  the  reference  of  leal  tenns.  we  have 
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Hence,  the  voltmeter  connected  between  points  D  and  E  measures  ^  limes  the  positive 
sequence  component  nf  I  he  phase  voltage.  So  do  the  other  two  voltmeters. 

In  Fig.  15.9  (b),  (he  elemenls  have  been  reversed.  It  can  be  shown  that  provided  the  same 

relation  is  maintained  between  die  elements,  the  high  impedance  voltmeter  measures  J$  times 
the  itegati\e-sec|uc:nee  component  of  phase  voltage. 

23. J4.  Measurement  of  ZaTO-s<queiici'  Component  nf  Votiugi- 

Tlie  zero-sequence  vol  tape  is  given  by 

Fig,  23,10  indicates  one  method  ol"  measuring  V 
As  seen 


'K'N  - 


VBMY  +  VTNYtV,MY 


3Y 


=  Vn 
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Hence,  voltJiieier  eortnccied  between  the  neutral  pomis 
measures  the  7.ero-scuuenet  eomponenl  of  the  voltage. 

Tutorial  I'miili-rn  No.  2J.2 

J.  f'Aphiin  the  essential  fealuies  in  the  representation  nf  an  unsym  metrical  three-phase  lysiem  of  voliage* 
of  currents  by  symmclncal  components. 

In  a  three-phase  system,  the  ihree  line  currents  arc;  lK  =  t30+ /50)AJY  -  (15  -  /45)A.1B  =  (-40  +  /70l 
A  Dctcmiinc  the  values  of  tli«  positive,  iicpuivc  and  zero  sequence  components. 

\5L1  A.  IVJ  A,  25.1  A|  Univ.) 

2.  The  phase  voltages  of  a  three-phase,  four-wire  system  are;  V„N  *  1200  +  /Hi  V.  VyN  -  (0  -  y200)  V, 
VH|V  =  i-  1(10  +  ;  lt)0)  V.  Show  that  these  Voltages  can  be  replaced  hy  symmetrical  components  of  positive, 
negative  and  zero  sequence  and  calculate  the  magnitude  of  each  component. 

Sketch  vector  diagrams  rep^Bchting  the  positive,  negative  and  zero-sequence  cnmponenU  fur  each  of  the. 
three  phases.  |  t7ft  v\  38  \,  47.1  \\  iU>ndtm  Univ.) 

3,  Etplaln,  with  the  aid  of  u  diagram  of  connections,  a  method  nf  measuring  ihe  ^ymmettieaJ  components 
nt'  the  currents  in  an  unbalanced  3-phase.  3-wire  system. 

El"  in  such  a  lyFtBMt  the  line  currents,  in  amperes,  are 

I «  =  (10 -  y2),I v  =  t-2 -J4 >,la  =  (-8  f  J6l 
Calculate  ihcir  symmetrical  components.        [lBo  =  lin  <=  Im>  =  tl:  Ift|  =        +  JH.7.V2;  L   =  <^  Lj 
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Tlie  method  of  symmetrical  components  is  x  l-i  s- 
useful  for 

ten  solving  unbalanced  polyphase  circuits 

</»  analysing  the  performance  of  l-phase  elec- 
trical machinery 

(el  calculating  cunxnls  resulting  from  unbal- 
anced faults 

\tfi  all  nf  (he  above 

An  unbalanced  system  of  3-phase  voltages 
having  RYB  sequence  actaally  consisis  of 
\m  j  positive-sequence  component 
£&}  a  negative-sequence  component 
i.  i  .i  .'ero-s^iui'in'c  cuii i pi i nen i 

Id)  all  of  the  above.  ^  >  (p).f  ^  .j  ,pl 


to  .K  =  ™wr321Hn**i„ 
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J,  The  zero- sequence  component  of  the  unbal- 
anced 3-pnaxc  system  of  vectors  V,,  V  and 


Vr  is  ....  of  their  vector  stun. 
Ui)  one-third  tfij  otw-liall' 

(f)  two-third  id)  one-fourth 

In  the  ease  of  an  unbalanced  star-connected 
load  supplied  from  an  unbalanced  3-  #  ,  3  wire 
system,  load  currents  wilt  cousin  ol 
Ui)  positive-sequence  components 
(Jfl  negatl  ve -sequence  components 
ic)  zero-sequence  componenlA 
U)  only  \a)  and  (bl 
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24  INTRODUCTION  TO 

ELECTRICAL  ENERGY  GENERATION 

2-1. 1 .  PrtTcrvrtcc  fur  Kk-clrkit) 

Energy  is  vital  for  till  livjpg-bejngs  on  earth.  Modern  life-style  has  further  increased  its 
importance,  since  a  faster  life  means  faster  transport,  faster  communication,  and  faster  manufacturing 
processes.  Alt  these  lead  to  an  increase  in  energy  required  for  all  those  modem  systems. 

Arising  out  of  comparison  of  status  of  nations.,  the  progress  is  related  in  terms  of  per  capita 
consumption  of  electrical  energy  ti  e.  k  W II  consumed  per  person  per  year).  At  present,  this  parameter 
lor  India  is  about  3(H).  for  UK  it  is  12  to  15  limes  more,  and  tor  LISA,  it  is  about  30  times  more. 

It  simply  means  thai  Electrical  energy  is  the  most  popular  form  of  energy,  whether  we  require 
it  in  the  usable  thermal  form  f=  heating  applications},  in  mechanical  form  1=  electrical  motor- 
applications  in  Industries},  for  lighting  purposes  f=  illumination  systems),  or  for  transportation 
systems 

Following  tire  the  main  reasons  fur  its  popularity, 

1 .  Cleaner  *e  a  v  ironnients  for  user 

2.  Higher  efficiency 

3.  Better  controllability 

4.  Easier  bulk-power,  long-distance  transportation  of  power  using  overhead  transmission  or 
underground  cables 

5.  Most  versatile  devices  of  energy  conversions  from  Electrical  to  other  forms  are  available  for 
different  purposes,  such  as  thermal,  illumination,  mechanical  sound,  chemical,  etc, 

24.1.  <  umpui  iviii  uj  Suiiivps  »(  Power 

While  selcclbg  a  method  of  generating  eleciricny,  following  factors  are  taken  into  account  for 
purposes  of  comparison: 

iti)  Initial  cost:  For  a  given  rating  of  a  unit  (in  the  minds  of  planners],  investment  must  be 
known.  Naturally,  lower  the  initial  cost,  better  it  is. 

ibi  Running  Cost;-  To  produce  a  given  amount  of  electrical  energy,  the  cost  of  conversion 
process  (including  proportional  cost  of  maintenance/repairs  of  the  system)  has  to  be  known. 

{c)  Limitations:-  Whether  a  particular  resource  is  available,  whether  a  unit  si/.c  o)  required 
rating  is  available  From  a  single  unit  or  from  an  array  of  large  number  of  units,  and  whether 
a  particular  method  of  generation  h  techno-economi  cally  viable  and  Is  time-proven,  are 
typical  queries  re  Sated  to  the  limitations  of  the  concerned  method. 

{d\     t]  perpetuity,  2)  efficiency,  3)  reliability,  4)  cleanliness  &  5)  simplicity. 

It  is  naturally  desirable  that  the  source  must  have  perpetuity  (a  be  of  endless  duration), 
high  conversion  efficiency,  and  reliability  tin  terms  of  availability  in  appropriate  quantity  l 
The  energy  conversion  must  be.  through  a  cleaner  process  (specially  from  the  view-  points 
of  toxicity,  pollution  or  any  other  hazardous  side  effects).  Further,  a  simpler  overall  system 
is  always  preferred  with  regards  to  maiiiietianee/repairs  problems  and  is  supposed  to  be 
more  reliable. 
24J.  Sources  for  Generation  uf  Ivleclricitv 

Following  types  of  resources  are  available  for  generating  electrical  energy  (No  doubt,  this 
list  can  be  extended  to  include  some  more  up-coming  resources.  The  following  list,  however,  tii  ves 
the  popular  and  potential  resources). 
1*1  (.'umwlional  melhods 

iu  l  I'licrnial:  Thermal  energy  [from  fossil  fuels)  or  Nuclear  Energy  used  for  producing  steam 
for  (urhines  which  drive  the  alternators  (=  rotating  o,c  generators). 
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l/'l    ttydiitt  rtiLtitc  Potential  of  water  stored  at  higher  alii  tildes  js  utilised  as  it  ispassed  through 
water-turbines  which  drive  the  alienators. 
fh>  Non-conventional  methods 

Id  Wind  poiver:  High  velocities  of  wind  (in  some  tresis  >  arc  utilised  in  driving  wind  turbines 
coupled  to  alternaiors.  Wind  power  has  a  main  advantage  of  having  zero  production  cosl. 
The  cost  of  the  equipment  and  the  limit  of  general ing-unil- rating  is  suitable  for  a  particular 
location  {=  geographically!  arc  die  importani  constraints  This  method  has  exclusive 
advantages  of  being  pollution  free  and  renewable,  It  is  available  in  plentiful  quantity,  at 
certain  places.  It  suffers  from  die  disadvantages  of  its  availability  being  uncertain  t  si  nee 
dependent  on  nature!  and  the  control  being  complex  (since  wind -velocity  has  wide  range  of 
variation,  as  an  input,  and  thecutpul  required  is  at  constant  voltage  and  constant  frequency). 
Single  large- power  units  cannot  be  planned  due  to  leehno-eeonomie  considerations. 

uh  Fuel  cells:  These  are  devices  which  enahie  direel  conversion  of  energy,  chemically,  into 
electrical  form,  This  is  an  tip-coming  technology  and  has  a  special  meril  of  being  pollution- 
free  and  noise- free.  It  Is  yet  to  become  popular  for  bulk-power  generation. 

u-\  Plmlo  volluic  cells:  These  directly  convert  solar  energy  into  electrical  energy  through  a 
chemical  action  taking  place  in  solar  cells.  These  operate  based  on  the  photo-voltaic  effect, 
which  develops  an  emf  on  absorption  of  ionizing  radiation  from  Sun. 

Power  Scenario  lit  Inrihr.- 

Fol lowing  approximate  statistical  data  give  an  idea  about  some  aspects  in  this  regard. 

Total  installed  capacity     ;  150.000  MW 

Hydropower  •  50,000  MW 

Nuclear  :  10,000  MW 

Thermal  (fossil  fuel m|      :  80,000  MW 

Other  methods  :  HUH  JO  MW 

Other  methods  i  nc  I  ude  partly  exploited  Potential  such  as  Wind,  Solar,  Co-gene  ration,  Methods 
using  Bio- fuels,  etc. 

24.4.  liriel  Aspects  of  Electrical  linergy  Systems 

24.4.1.  Utility  and  Consumers 

At  generating  stations,  power  is  generated  ai  the  best  locations.  Load-centres  are  generally 
away  from  these.  Generation-units  and  Loads  are  connected  by  transmission  systems.  Thus,  die  energy 
system  is  divided  into  two  main  parts. 

( cjt >    Utility  t  including  sources  and  transmission  network*  and, 

{h)    Consumers  (who  utilize  the  electrical  energy) 

24-4,2.  Why  is  the  three*  phase  a.  c.  system  most  popular? 

(a)  It  is  well  known  that  ax,  generation  is  simpler  (  than  d.c.  generation  through  electrical  machines 
because  of  absence  of  commutators  in  a.c.  machines).  Further,  mechanical  commutation 
system  in  d.c.  machines  sets  an  upper  limit  of  their  si 2c.  while  the  rating  of  the  individual 
generators  in  modern  power  siashm.if-  loo  large,  say  about  I  POO  limes  the  rating  of  a  single 
largest  feasible  d.c  machine  A.C.  further  facilitates  In  stepping  down  or  stepping-up  of  a 
voltage  to  suit  a  particular  requirement  with  the  help  of  a  simple  device,  the  well-known 
transformer, 

ib)  Changing  over  from  a.c.  to  d.c.  is  very  easy  these  days  due  to  the  rectifiers  of  sufficiently 
high  power  ratings,  mi  lhal  a  wide  range  of  d.c.  -  applications  can  now  be  catered  to. 

u  i  As  the  number  of  phases  goes  on  increasing  the  power-output  ffrorn  a  device  using  a  given 
quantity  of  active  material*  namely,  that  used  for  core  and  for  winding)  increases,  hul  the 
number  of  circuits  U.t:  connecting  lines/  wires,  switches,  etc)  also  increases. 
These  two  points  are  contradictory.  A  choice  will  Is  in  favour  of  such  a  number  (of  phases) 
which  will  be  high  enough  from  power-output  point  of  view  but  low  enough  from  viewpoints 
of  complexity  of  connecting/controlling  large  number  of  phases.  There  is  a  Golden 
compromise,  ll  has  resulted  into  popularity  of  the  three-phase  a.  c.  systems  over  the  entire 
lime  period.  Now  it  has  almost  hecome  a  standard  practice  lor  all  purposes. 
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24.4.3.  t  u\i  ill  <  .1  iu Tittiun 

COM  of  generation  for  one  unit  of  electrical  energy  depends  on  the  method  of  generation, 
formulae  worked  to  assess  its  turn! ing  cost  under  the  specified  conditions,  iind  the  cost  of  transmission 
line  loss  to  transport  power  upto  the  load.  These  days,  a  modern  utility  i=  electricity  board)  has  a 
large  number  of  generators  sharing  die  responsibility  of  supplying  power  to  ail  tlte  customers  connected 
to  the  Grid  (=  common  supply- net  work  I.  Then,  for  an  increase  in  load-demand,  at  a  known  local  ion. 
the  most  economical  generitiing  unil  is  to  he  identified  and  that  unit  should  be  monitored  to  meet  the 
iuLieased  demand 

24.4.4.  Stafigurinu  of  Loads  dm  inn  Peak-demand  Hours 

Incentives  lo  consumers  thy  way  of  supplying  aj  reduced  rates  during  light  load  hours  e.g 
Late  night  'hours,  after  noon  hours)  help  in  even  demand  throughout  the  day. 

24.4.5.  I  JiLssilirations  i>f  Power  Transmission 

id)  Using  underground  cables  or  using  overhead  IransniLssiun  lines. 
lb)  Extra  High  Voltage  A.C.- versus -Extra  High  Voltage  D.C.  transmission  systems. 
24.4A  Selecting  \A  .  Iraiismissinn  Voltage  for  a  Purlieu  In  r  (use 

In  general.  For  transporting  a  given  piwcrof  V  I  watts,  eitlier  V  can  he  high  or  V  can  he  low 
Accordingly,  die  current  can  he  either  low  or  high  respectively  Higher  voltage  means  higher  tost  of 
Insulation,  and  largerciearanees.  Higher  current  means  larger  cross  section  of  conductors.  Considering 
these  together,  the  most  economical  voltage  has  to  he  found  out  foi„j  particular  requirement. 

Kelvin's  Laws  give  a  guidethie  for  this.  (These  arc  discussed  in  Art.  47.2 1  in  Vol.  IE,  of  this  book). 
24.5.  Cniivcnlicinul  Sources  of  iJtttric-al  liner^y 

Thermal  (coal  gas.  nuclear)  and  hydro-generations  are  the  main  conventional  methods  of 
generation  of  Electrical  Energy.  These  enjoy  die  advantages  of  reaching  perfections  in  technologies 
for  these  processes.  Further,  single  units  rated  at  large  power-outputs  can  be  manufactured  along  v.  ith 
main  components,  auxiliaries  and  switch-  gear  due  to  vast  experiences  during  the  past  century.  These 
are  elficient  and  economical. 

These  suffer  from  the  disadvantages  listed  below: 
I .  The  fuels  are  likely  to  he  depleted  in  near  future,  forcing  us  to  conserve  them  and  find 

alternative  resources. 
2-  Toxic,  hazardous  fumes  and  residues  pollute  the  environment. 

3.  Ov  erall  conversion  efficiency  is  poor. 

4.  Generally,  these  are  located  at  remote  places  with  respect  lo  main  load  centres,  increasing  the 
transmission  costs  and  reducing  the  system  efficiency. 

5.  Maintenance  cosk  are  high 

Out  of  these,  only  two  such  types  will  he  dealt  here,  which  have  a  steam  turhine  working  a*  the 
prime  mover.  While  remaining  two  use  Interna!  Combustion  Engines  (f,C.  engines)  or  Gas 
turbine  as  the  pnme  mover,  and  these  will  mt  be  dealt  with,  in  this  Introductory  treatment. 
The  steam-turbine  driven  .systems  are  briefly  discussed  below. 
24.5,1.  Steam  Power  Stations  i Coal-fired ) 

India  has  rich  stocks  of  coal  as  a  natural  resource.  Chemical  energy  stored  within  die  coal  i* 
finally  transformed  into  Electrical  energy  through  die  process  of  these  stations.  Heat  released  by  the 
combuslion  of  coal  produces  steam  in  a  boiler  at  elevated  temperatures  and  pressures.  It  Is  then 
passed  through  steam  turbines,  which  drive  the  alternator,  the  output  of  which  is  the  electrical  energy. 

Figure  14.1  shows  a  simple  schematic  diagram  of  a  modern  coat-fired  thermal  station. 

In  India,  coal  is  generally  of  low  grade  containing  ash  upto  40  %.  It  poses  two  problems. 
\i)  Calorific  value  is  low  and  hence  system  efficiency  can.  be  Increased  only  by  additional  proce-sses 
tike  pul  veri/ing  the  coal  and  nsing  oil  firing  lo  start  with,  t  fj)  large  volumes  of  ash  have  lo  be  handled 
after  ensuring  that  ash  is  extracted  to  ihe  maximum  possible  extent  (upto  99  %)  by  using  eleciru'.iaiic 
precipitators,  before  flue  gases  from  boiler  are  finally  passed  on  to  the  atmosphere. 

Coai  is  burnt  in  the  boiler  This  heat  converts  water  into  steam  when  passed  through  the  boiler 
lubes.  Modem  plants  have  super  healers  to  raise  the  temperature  and  pressure  of  steam  so  that  plant 
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efficiency  is  increased.  Condenser  and  cooling  tower  deal  with  steam  turning  out  of  lurhine.  Here, 
maximum  heat  is  extracted  fmm  steam  (which  then  Lakes  the  Conn  Of  water)  to  pre- hen  I  die  incuming 
water  and  also  to  recycle  the  water  for  its  best  utilisation, 

Steam-turbine  receives  controlled  steam  Cram  boiler  and  converts  its  energy  into  mechanical 
energy'  which  drives  the  3-ph  a.  e.  generator  t=aIicmatori.  The  alternator  delivers  electrical  energy,  at 
its  rated  voltage  <  which  may  be  between  1 1  io30kV),  Through  a  circuit  breaker,  the  step  up  transformer 
IS  supplied.  Considering  the  bulk-power  to  be  tran  smitted  over  ion|!  distances,  the  secondary  rating 


[Coal  \ 
[  storage  y~ 


Boiler  tu 


mill 

Piilv. 


Boil 


.(:■;:  I 

->- 


Ash  handling 
plant 


S  (eat  1 1 


Steam 
turbine 


*  3  Ph  AC 
Generator 


Coaling 
Tower  and 
condenser 


Electrical 
energy 
output  at  10- 
30  kV 


Preheated 
water 


Circuit 
bi I.  a 


Set-up 
trans  former 


X 


Ash 


220  ■ 
400 

kV 


EHV 
Swiichgear 


Primary 
transmission 


EHV 
Bus 


EHV 
Trans 
Eine 

Fig.  24.1.  Schematic  Diagram  of  u  Coal- fired  Thermal  Station 

pf  this  trans former  may  be  220  or  400  kV  (as  per  figure?,  far  India}.  Through  Extra- High  Voltage 
Switch  gear,  die  Bus  is  energized  and  the  EHV  primary  transmission  line  ear  transport  power  ro  the 
Load  centres  connected  lo  it. 

A  modern  coal -tired  thermaJ  power  station  consumes  about  10  %  of  its  power  for  supplying  to 
the  Auxiliaries.  These  are  mainly  as  follows, 

:n  i    Main-exciter  for  alternator.  </o  Water  pumps. 

IrM    Fans.  Forced  draught  and  induced  draught  fan*  for  Pre- heaters  and  Chimney. 

iih    Coal  handling  planl  including  pulverising  mill.  , 

te)    Ash  handling  plant  including  Electrolytic  Precipitator. 

Naturally,  whenever  such  a  station  is  to  be  brought  into  operation  tender  at  commissioning  or 
lifter  repairs/maintenance  schedule)  the  power  required  for  the  auxiliaries  has  lo  be  supplied  by  (he 
grid.  Once  the  system  is  energized  fully,  it  will  look  after  supplying  power  to  its  own  auxiliaries. 

Merits  Of  Cuat-fired  thermal  stations 

E  Fuel  (-cosll  is  cheap.  2.  Less  initial  cost  is  required.  3.  It  requires  less  space. 

4.  As  a  combination  of  all  above  points,  the  cost  of  generating  unit  ol  electrical  energy  is  less 
lie  men  Is 

1.  Atmospheric  pollution  is  considerable, 

2.  Coal  may  have  to  be  transported  over  long  distances,  in  some  eases,  after  some  years,  and  then 
the  energy  cost  may  be  quite  high, 

24.5.2.  Nudvar  Power  Stations 

Nuclear  energy  is  available  as  a  result  of  fission  reaction.  In  a  typical  system.  Uranium  235  is 
bomharded  with  neutrons  and  Heat  energy  is  released.  In  chain-reaction,  these  release  more  neutrons, 
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since  more  Uranium  235  atoms  are  fissioned.  Speeds  of  Neutron*  must  be  reduced  to  critical  speed?. 
J  of  the  chain  reaction  to  lake  place.  Moderators  f-  speed-reducing  agents  like  graphite,  heavy  water, 
etc  J.  arc  used  fur  this  purpose.  Nuclear  fuel  rods  <  i  >f  Uranium  l?5t  niu.>l  be  embedded  in  speed - 
reductng  agenls  Further,  control  rods  (made  of  cadmium)  are  required  since  they  are  strong  neutron  - 
absorbers  and  help  to  finely  regulating  this  reaction  so  thai  power  control  of  the  general  or  is  precisely 
obtainable.  When  control  rods  are  pulled  out  and  are  away  from  lucl  rods,  intensity  ol  chain  reaction 
increases,  which  increases  the  power  output  of  ihe  s_\  stern.  While  il  they  asc  pushed  in  and  closer  to 
the  fuel  rods,  the  power-output  decreases.  Thus,  the  electrical  load  demand  on  the  generator  decides 
i automatically  i  the  control-rod  positions  through  a  very  sophisticated  control  system. 

Pig.  24.2  shows  a  basic  scheme  of  such  a  Nuclear  power-station 
Uhamaiies  ■!  Nuclear  i  ^  Deration 

1      Quantity  of  fuel  required  is  small  for  generating  u  given  amount  of  electrical  energy .  compared 
lo  that  with  other  fuels. 

2.  It  is  more  reliable,  cheaper  for  running  cost,  and  is  efficient  when  operated  at  rated  capacity. 
Disadvantages 

I.      f  uel  is  e\pensi\e  and  rioi  abundantly  available  everywhere.  2.  It  has  high  capital  cost. 

3.  Maintenance  charge-,  arc  high.   4    Nuclear  waste  disposal  is  a  problem. 
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Fig.  2-1.2-  Sctk-itulu  r Ji.Jiirain  ol  ,i  Nuclei;  Power  Station  indicating  Main  Components 
24.5.3,  Hydroelectric  <u  ntraiion 

Water-reservoir  al  higher  altitudes  is  a  pre-requisite  for  this  purpose.  Power  house  is  located 
at  .i  lower  level  The  difference  in  these  two  levels  is  known  as  "Head." 

Based  on  the  "Heads'",  the  Hydroelectric  stations  are  categorized  below: 
1.  Low  head  up  to  60  metres.  2.  Medium  head  between  ISO  &  3(X)  metres. 
3,  High  heads  above  3011  metres. 

In  this  iiie'hod  i.|  eeneniii  on,  water  from  higher  height  is  passed  through  penstock  as  eontrolle  J 
ui  the  valve-house,  inLo  the  water  turbine.  Thus,  potential  energy  ol  water  stored  al  higher  altitudes  i-. 
first  converted  into  Kinetic  energy.  As  the  water  reaches  the  turbine,  it  gains  speed  after  losing  the 
Potential  energy.  Kinetic  energy  of  this  speedy  water  drives  the  water  turbine,  which  converts  this 

into  mechanical  output.  It  drives  the  coupled  generator,  which  gives  Electrical  energy  output 
A  schematic  diagram  of  such  a  system  is  shown  in  fig 

The  valve  house  has  a  controlling  valve  i>rnain  sluice  valvci  and  a  protecting  valve  f=  an 
automatic,  isolating,  "butterfly"  type  valvci.  As  is  obvious,  power  control  is  done  by  the  main  sluice 
valve,  while  "butterfly"  valve  comes  into  action  if  water  flows  in  opposite  direction  as  a  result  of  a 
sudden  drop  in  load  on  ihc  generator.  Otherwise,  die  penstock  is  subjected  lu  extreme  strains  and  il 
has  a  tendency  In  burst  due  lb  pressure  of  water  as  a  resull  of  Midden  load  reduction. 
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The  water  lurbines  are  essentially  low-speed  prime  movers.  In  that,  the  best  operating  speed 
is  dependent  i»n  rhe  head  ^liejiiaturs  coupled  to  water  turbines  rhus  have  large  number  of  pules 
(since  P=  1211  f/N).  Such  alternators  have  the  Salient-Pole  type  rotor. 

There  are  different  Types  of  water  turbines  suitable  for  different  cases  (i.e.  Heads.  Power 
rating.  Load- variation  curve,  etc).  Since,  this  is  only  an  elementary  treatment,  these  aspects  will  not 
be  discussed  here. 

24.6.  Siui-(.'cimcnti(inu]  liivrgy  Sources 

Considering  the  previously  discussed  therma]  methods  of  conventional  energy-generations,  it  is 
necessary  to  understand  Ute  nun-convenuonal  energy  sources,  since  they  have  two  points  in  their 
laMiur. 

la)  Non-polluting  processes  are  uscd- 

(b)  Perpetuity  and  renewabilily  of  the  main  source  (which  is  a  natural  .itmospheric  resource) 
generally  exists 

The  non-conventional  energy  sources  are  further  advantageous  due  to  virtually  zero  running 
cost,  since  wind  energy  or  solar  energy  is  the  input-source  of  power. 

However.  they  ore  disadvantageous  due  to  high  initial  cost  I  per  MW  of  installed  capacity)  and 
due  10  uncertainty  resulting  out  of  weadier  changes  T-or  example,  dense  clouds  un  mglii  hours)  lead 
lo  nonavailability  of  solar  energy.  Similarly,  "still-air"'  condition  means  no  possibility  of  wind  power 
generation,  and  during  stormy  weathers,  wind  lurbines  cannot  be  kept  in  operation  I  due  to  dangerously 
high  speeds  they  would  attain  if  kept  in  operation). 
24.6.1.  Photo  Voltaic  Cells  (P.V.  Cells  or  SOLAR  Celts) 

When  ionized  solar  radiation  is  incident  on  a  semi-conductor  diode,  energy  conversion  can  take 
place  with  a  voltage  of  0.5  to  1  volt  td.c.  I  and  a  current  density  of  20-40  mA/em%  depending  on  the 
materials  used  and  die  conditions  of  Sunlight.  Area  of  these  solar  cells  decides  the  current  output  An 
array  at  large  number  of  such  diodes  (i.e.  Solar  cells)  results  into  higher  d.c.  output  voltage. 

Since,  the  final  form  of  electrical  energy  required  is  generally  an  alternating  current,  it  is  realized 
from  d.c.  using  inverters. 

At  quite  a  few  locations  in  India,  for  realizing  few  hundred  kilowatts  of  power-rut  i  tig.  huge 
array  s  are  accommodated  in  horizontal  as  well  as  vertical  stacks,  so  that  land  area  required  is  not  too 
vast  Electrically,  they  are  connected  in  series  and  in  parallel  combinations  of  cells  so  that  rated 
voltage  &  current  are  realized. 

Jusi  to  understand  the  principle  of  operation  of  solar  cells,  let  a  semi -conductor  dmdc  receive 
ionized  radiation  from  Sun.  as  in  fig  -  24.4 

Typical  materials  used  fur  these  cells  are:  material  doped  with  boron,  cadmium  sulphide.  gJlium- 
arseiiidr.  etc.  Their  choice  is  mainly  decided  by  conversiim  efficiency.  Best  material  may  lead  to  the 
clliciency  being  typically  |5r*\  Since  vilareriercy  is  available  free  of  cost,  this  low  -efficiency  docs  not  matter 
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including  nor  operative  nighl 
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mi  running  cosl  (however* 
replacements  of  components  may 
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(hence  transposition  of  power  is 
not  required  over  Jong  distaneev ). 
i/vl  since  natural  source  is 
involved,  it  is  perpetual. 
-  ve  Individual  stations  using 

tig.  24.4.  Photo  Voltaic  t,or  Solar  (-'ell  I  solar  cells  are  in  operation  with 

ratings  of  the  order  of  250-1  [XX)  kW,  With  manufacturing  costs  of  semi-conductor  devices  going 
down  and  wilh  the  advent  ol"  better  and  belter  quality  of  eel  Is  which  will  he  available  in  future,  this 
method  of  generation  has  bright  prospect. 

UMX  KueK'dk 

24.fr 2. 1 .  Pri  i  iciplc  of  f )  pe  rulhin 

In  Fuel  ceTls.  negative  porous  electrode  is  fed  by  hydrogen  and  the  positive  porous  electrode  is 
fed  by  ox.yiien.  Both  (he  electrodes  are  immersed  in  an  eleetmiyLc.  The  porous  cleetmdes  are  made  of 
such  a  conducting  material  ihai  both  the  fuel  (oxygen  and  hydrogen h  and  the  electrolyte  can  pass 
through  them,  Such  a  material  for  electrodes  ts  nickel  The  electrolyte  is  a  solution  of  sulphune  acid 
nr  potassium  hydroxide.  The  electrodes  have  a  catalyst  (=  platinum  or  sintered  nickel)  which  break 
the  fueleoiiipoimd  into  more  reaciivc  atoms. 

24.6 2,2..  Chemical  Process  (wllh  Acidic  Llettmlv  It) 

\l  Ni'jjuihe  Kleclrodc  -     2H.   »       4H*     +  4c 

These  hydrogen  ions  enter  the  soiulion  (^electmlyle)  leaving  behind  electrons  which  pass 
dtrough  external  circuit  to  the  positive  electrode. 

4t PwWlWl  BhClf Will     O, +  4H    +   4e   ->  2HsO 

Thus,  the  eombination  of  Hydrogen  and  Oxygen  results  into  water  at  the  positive  electrode. 
Water  is  the  waste-product  of  the  cell,  which  is  harmless.  The  process  is.  thus,  pollution  free.  There  is 
no  source  of  energy  requijcd.  since  the  prtieess  is  basically  "dii-micar  in  nature. 

+ 


Oxygen  out 


Oxygen  in 


Puruus  niekel  eUrcunJcs 
cumaining  catalysts 


Hydrogen  m 


Acidic  electrolyte 
Hs.  24 J.  Fuel  Cell 


tntrmiuawit  Si>  I  L  ctrinii  fci'frxy  drtfrntion 


7W 


2-tJi-U,  MmmHc  Diagram.  It  is  given  in  fig  24.5 
24.6.2.4.   Vrru>  fur  Large  outputs 

A  fuel  cell  has  ad,  c.  output  voltage  typically  of  1 .23  volts  at  normal  atmospheric  pressure  and 
temperature  Raising  pressure  ami  temperature  increases  this  voltage,  To  realize  large  output  parameter* 
I  =  voltage,  current,  and  hence  power  I,  an  array  of  a  large  number  of  fuel  cells  (connected  in  series  as 
well  as  in  parallel]  is  mode.  Voltage  levels  of  100  to  1000  V  and  power  level*  in  kilowatts  can  he 
realized. 

2-1.6.2.5.  High  Lights 

1.  Pollutiun-frec.  noiseless 

2.  No  outside  source  uf  energy  is  required. 

i.    Li  I  II.' [CM I 

4.  No  restriction  on  location 

(u|  High  initial  cost.         <h\  Working  life  is  shnrL 
Plate  -Souu  energy  can  alsu  he  used  for  generating  clctirical  energy  through  mi  tmcnHediaii?  -stage  of 
producing  Meant,  which  is  used  Later  tut  driving  an  Alternator.  However,  lhis  method  is  not  discussed  here 
2J.6J.  MM  Power 
24.(i..L|.  Jtaukground 

Wind  power  tow  heen  in  use  tor  serving  the  mankind,  since  centuries  through  what  has  been 
popularly  known  us  "'Wind-mills."  There  is  no  "'electrical"  stage  of  energy  in  old-styled  uses  where 
wind-velueity  is  directly  used  for  performing  the  jobs  such  as  wheat-grinding,  pumping  water  lot 
irrigatiun,  sailing  vessels,  etc.  It  enjoys  the  advantages  of  being  plentiful,  inexhaustible,  renewable 
and  non -polluting,  over  and  above  being  cheap  for  running  costs.  It  suffers  from  disadvantages  of 
being  unreliable,  and  being  economiciuly  un-viable  for  targe  power  generation  In  India,  a  large 
number  of  such  units  with  small  and  medium  power  ratings  (up  to  10C  kW]  are  already  in  operation 
mainly  in  coastal  or  hilly  areas.  With  the  modern  system,  il  is  now  preferred  to  huve  suitable  power- 
control  circuits  on  die  output  side  of  wind-generators  so  that  these  can  pump  energy  into  low  voltage 
lines  of  the  grid  over  a  wide  range  ol  variation  of  wind  speeds 

24.fp.J  2.  H.imc  Scheme 

A  large  variety  of  wind-turbines  nam  rally  exist  arising  out  of  large  variation  in  wind-pattern 
all  over  and  out  of  ditferem  manufacturers  poxlucing  systems  with  different  designs.  Since  the  aim 
here  is  to  understand  the  basic  system,  only  one  type  of  system  is  presented  here. 

In  Fig.  24.6  un  an  arrangement  wherein,  a  horizontal  three-bladed  sysiem  is  shown  mounted 
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ud  a  tower.  Through  rotation-trans formation  using  gears  to  step  up  the  speed  and  to  link  the  horizontid 
axii  of  turbine  wish  vertical  axis  nf^rtitrrator.  The  speed  of  wind  varies,  as  such  turbine  speed  also 
varies  so  that  output  frequency  and  voltage  of  diree- phase  aitemaior  vary  over  it  wide  rang e.  Further, 
its  waveform  is  aiso  a  distorted  one  To  increase  lis  utility,  it  is  necessary  to  modulate  i through  proper 
power-control  1 to  derive  line- frequency  constant  voltage  output  and  hook-up  lo  local  grid  for  pumping 
the  available  wind-energy  into  it.  This  is  schcmalictilly  represented  in  fig  24.7. 
24.fi  J.3.  Indian  Scvnurin 

Wind  farms  have  been  located  where  a  large  number  of  wind  generators  of  ratings  of  lew 
hundred  kilowatts  are  in  operation.  For  every  unit,  there  is  a  sale  wind  -  speed  zone,  lithe  wind-speed 
is  below  this,  there  is  no  appreciable  power  output,  hence,  it  is  belter  that  the  system  ts  tint. brought 
into  operation.  If  the  wind  speeds  are  too  high,  it  is  mechanically  unsafe  and  hence  ii  is  not  tn  be 
operated,  cveu  il  die  energy  available  is  higher.  This  is  decided  by  automated  system.  Such  forms  arc 
located  in  coastal  regions  and  in  hilly  areas.  Because  of  the  metering  of  energy  received 
by  the  local  grid,  the  investor  can  get  a  good  rttum  dmmgh  payment  frnm  the  grid-authorities.  Hence, 
this  has  become  a  medium -level  and  attractive  tndunuial  investment. 


